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Chapter 1.  
INTRODUCTION 
 
 
 
 
 
Preserving, monitoring, or anyway dealing with the human and environmental 
health state should be one of the major goals to be pursued in a world always 
more dominated by a strong correlation between industrial processes and 
technological advances.  
Due to their enormous potential, biosensors are widely used for detecting a wide 
range of analytes in the health care and food industries and in the environmental 
monitoring. 
Mainly, the widespread employment of these devices is attributed to the enormous 
demands of diseases diagnosis and control, as well as to the property of biosensors 
of offering a convenient, hygienic, rapid, and compact method for personal 
monitoring [1].  
In recent years, indeed, the sensors market has been dominated by an increasing 
demand in the field of medical diagnostics relying on the individuation of 
disposable, reliable, user-friendly, cost-efficient devices that also demonstrate fast 
response times and that are suitable for mass production. All these criteria are 
potentially fulfilled by biosensor technologies that combine interdisciplinary 
approaches coming from nanotechnology, chemistry and medical science. 
The ability to assess health status is thus related to an early disease diagnosis or to 
the monitoring of its progression. Specifically, the main interest in the diagnostic 
research field is devoted to the detection of the most relevant mankind diseases in 
terms of worldwide incidence, prevalence, morbidity and mortality such as 
diabetes, cardiovascular disease and cancer. Despite their hereditary nature, the 
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increasing diffusion of some of these diseases has been associated to the dominant 
presence of small-sized particles in air, water, soil and food as follows from the 
adverse effects noticed in vivo and in vitro [2]. These small-sized particles are 
introduced into the environment via several sources such as novel industrial 
processes that are giving rise to the undesired production of contaminant agents 
concurring to the modification of particulate matter. The cited agents include, as 
an example, ultrafine dust emitted by industrial plants, reactive particles produced 
by incinerators for waste disposal, catalyst nanoparticle leaked from automotive 
catalytic converters and others [3]. 
Although the wide diffusion of novel industrial processes, natural phenomena (i.e. 
volcanic eruptions, wind erosion, photochemical reactions) are still considered 
mostly responsible for nanoparticulate matter production than human activities 
[4]. 
Despite the great chemical and morphological diversity exhibited by nanoparticles 
(NPs), their nanometric-scale size allow them to enter the living organism 
following inhalation, translocate within it and damage it by acting as some of the 
most dangerous human body intruders, i.e. viruses.  
Even though the exact definition of nanoparticles differs depending upon the 
materials, fields and applications concerned, they could be anyway defined as 
ultrafine particles in the size of nanometer order, i.e. one thousandth of 1 m. 
In the narrower sense, they are regarded as those particles having the 
characteristic size smaller than a limit value of 10 – 20 nm corresponding to that 
value where the physical properties of solid materials themselves would 
drastically change. Really often anyway, particles with characteristic size ranging 
from 1 to 100 nm are called nanoparticles and they are considered as particles 
smaller than those conventionally called “submicron particles”. 
The relationship between nanoparticles toxicity and dimensions has been widely 
investigated [2], [5], [6] and the main toxicity parameters have been identified in 
their size and chemical composition, in the exposure time to which human body is 
subjected and thus bioactivity and in-vivo accumulation [3]. This is valid for both 
natural and engineered particles. 
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Despite the undesired effects induced by NPs on human body, their small size is 
attractive from a pharmaceutical point of view due to several features, including 
NPs high surface to mass ratio, their quantum properties and their ability to 
adsorbs or carry other compounds (such as drugs, probes and proteins) that make 
NPs good candidates for drug delivery. Ultimate advances in novel diagnostic and 
therapeutic applications (theragnostics) [7] rely, indeed, on the production and 
employment of engineered nanoparticles to be used as carriers. 
Both industrial and bio-chemical field have been characterized by a widespread 
use of engineered nanoparticles including metal NPs for single cancer cell 
detection, for medical imaging enhancement or for cleaning up CCl4 (Carbon 
tetrachloride) pollution in groundwater, or dielectric NPs for the delivering of 
chemotherapy drugs directly to cancer cells or for the increasing of lithium-ion 
battery power and reduction of recharge time. 
 
Despite the importance of detecting and characterizing potentially toxic NPs, the 
study of nano-sized natural particles could lead also to the investigation of new 
phenomena at nano-scale. All the solid particles, indeed, consist of atoms or 
molecules of a certain material whose behavior affects NPs by conferring them 
different properties from those of the bulk solid of the same material. This is 
attributable to the change of the bonding state of the atoms or the molecules 
constructing the particles [8].  
An accurate measurement of nanoparticles size would lead to understand the 
change in properties of NPs in terms of morphological, structural, thermal, 
electromagnetic, optical and mechanical characteristics. This change is usually 
indicated as “ size effect”. Actually, the most basic method to discriminate NPs in 
terms of size and size-distribution relies on analyzing images acquired through a 
really expensive microscope, i.e. the transmission electron microscope (TEM), 
due to its very high spatial resolution.  
In biochemical sensing field, a fervent research activity related to the development 
of real time, low cost, compact and high throughput devices for the detection and 
characterization of natural or synthetic nanoparticles NPs actually exist. In this 
research scenario, different platforms for biosensing purposes have been 
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developed according to the huge amount of physical effects involved in the 
transduction of the biochemical-signal into a measurable output signal.  
 
In the present work two different optical platforms for NP detection have been 
investigated, one based on integrated optics and the other based on microscopy. 
Both the approaches rely on the study of the interaction of an electromagnetic 
wave with a small particle in the hypothesis of dealing with a Rayleigh scatterer, 
i.e. a nanoparticle having a size really smaller than the one of the wavelength of 
the incident light and scattering light elastically [9]. 
The study deals with a class of problems known as “the inverse problem” which 
relies on describing the characteristics of the particle or particles responsible for a 
light scattering phenomenon once the scattered field is known. 
 
The first examined configuration is based on the employment of a high quality 
factor microresonator supporting Whispering Gallery Modes (WGMs) for NP 
detection purposes. 
A planar optical resonant cavity has indeed been designed to detect and size a 
single NP by analyzing the resonator spectrum. First, some analytical formulae 
modeling the resonator-NP interaction have been investigated in order to find a 
correlation between the transmission spectrum of a WGM resonator and 
nanoparticles characteristics (i.e. size and refractive index). Quantum 
electrodynamic (QED) laws have been taken into account for the modeling 
process, according to literature. 
On the basis of the investigated model, some criteria for designing a planar cavity 
for single NP detection have been deduced and a cavity with a high Q-factor, a 
low modal volume Vc and a high extinction ratio ER value has been designed and 
tested for NPs detection and sizing by employing an FDTD method based 
commercial software. NPs having a radius in the range 30 : 100 nm have been 
employed as testing elements and the estimation error in NP sizing has been 
evaluated to be in the order of 2%.  
The sensitivity of the cavity has also been investigated in terms of detection of 
glucose concentration in solution. A refractometric detection scheme has been 
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employed and an analytical sensitivity of about 550 nm/RIU and a LOD of 10
-6
 
RIU have been measured.  
 
The second investigated platform relies on the employment of an interferometric 
microscopy set-up. The starting point for this study is the IRIS (Interferometric 
Reflectance Imaging Sensor) platform developed at the Boston University by the 
Ünlü group [10]. The IRIS setup has yet demonstrated detection and size 
discrimination capability for polystyrene beads ranging from 70 nm to 150 nm in 
diameter, as well as specific capture and identification of single H1N1 virus 
particles. An improvement of the existing configuration has been investigated in 
the present study in order to realize a real time, sub-surface detection of single 
molecules and NPs. A setup based on confocal illumination aided by the 
employment of a numerical aperture increasing lens (NAIL) has been modeled in 
order to confer an ultra-high resolution to the microscopy system. In order to 
increase the contrast, a multilayer substrate has been assumed so that the light 
intensity at the photo-detector is maximized. The study has been conducted at the 
Department of Electronic and Computer Engineering, College of Engineering, 
Boston University, under the guidance of Prof. M.S. Ünlü. 
 
1.1 DISSERTATION OVERVIEW 
 
The manuscript is organized as follows: an introduction to bio-chemical sensing is 
given in Chapter 2. The main figures of merit of a biosensor, including sensitivity, 
detection limit, throughput and selectivity are described. First, the attention is 
focused on the functionalization of the biosensor surface (comprising the 
opportune choice of the receptors and their immobilization on the surface) which 
is one of the most critical aspect in the development of a device devoted to 
biosensing purposes. Then, the main sensing mechanisms and transducing 
methods employed in this sensing field are described and particular attention is 
paid to optical devices due to their potentiality. The main configurations of 
integrated optics biosensor are then introduced, i.e. planar waveguides, photonic 
crystals based devices, fiber optics biosensors and optical ring resonators. Due to 
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the theoretical characteristics of high sensitivity, low detection limit, high 
throughput and small footprint achievable by employing resonant cavities for 
sensing purposes, in Chapter 3 an overview of optical ring resonators is presented. 
Properly, the performances of resonators in planar, optofluidic or spherical 
configuration, i.e. resonators supporting whispering gallery modes WGMs, are 
investigated and a discussion concerning the design of an optical resonant cavity 
is presented. Some expedients useful to improve biosensor performances have 
been also described, including an opportune choice of the resonator geometry and 
technology in order to overcome issues related to bending loss, thermal noise and 
other. 
After describing resonant cavities performances for generic purposes in the bio-
chemical sensing field in Chapter 3, the attention is focused on the different 
transducing methods and devices employed for nanoparticles detection in the 
following Chapter (i.e. 4). An overview of the most relevant detection methods 
based on mechanical, electrical and optical transduction is presented. Single 
nanoparticle detection schemes realized in integrated optics and discrete optics are 
mainly described in the same Chapter including WGM based- and microscopy 
based- nanoparticle detection configurations, and their advantages and limits are 
pointed out.  
In Chapter 5, a method for NPs detection and sizing has been analyzed. It relies 
on the coupling of CW and CCW travelling wave modes propagating within a 
WGM based cavity occurring when light is perturbed along its path by the 
presence of a scattering element, i.e. a NP or surface roughness. On the basis of 
the analytical formulae modeling the resonator-NP interaction, some criteria for 
designing a planar cavity for single NP detection have been deduced and a cavity 
has been designed and tested for NPs detection and sizing. 
 Microresonant optical cavities anyway do not allow for nanoparticles shape 
discrimination in a complex solution. Thus, a sensor based on interferometric 
reflectance imaging (IRIS) has been modeled in Chapter 6, in confocal, back-side 
illumination scheme. After describing some mathematical instruments useful to 
model of the setup, the most important results have been presented for the 
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investigated sensor in terms of optimization of the platform contrast through an 
opportune choice of the substrate. 
Finally, a comparison between both the designed and investigated optical 
platforms and techniques is presented in Chapter 7. 
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Chapter 2. 
BIOCHEMICAL SENSORS 
 
 
 
 
 
Due to the wide relevance assumed in ordinary life by bio-chemical sensors, some 
general concepts on biochemical sensing are here reported. Then the most 
common mechanisms and transducing methods employed in biosensing field are 
investigated. The attention is mainly focused on integrated optics biosensors, 
including planar waveguides, photonics crystal devices, fiber optic biosensors and 
optical resonators. 
2.1 DEFINITION 
 
Usually an ambiguity occurs when referring to biosensors. Here some definitions 
and recommendations given by the Commission on General Aspects of Analytical 
Chemistry IUPAC are reported in order to clarify the concepts. 
 
“A chemical sensor is a device that transforms chemical information, ranging 
from the concentration of a specific sample component to total composition 
analysis, into an analytically useful signal”. 
 
“A biosensor is an analytical device incorporating a biological material or a bio-
mimic e.g. tissue, microorganisms organelles, cell receptors, enzymes, antibodies, 
nucleic acids etc. intimately associated with or integrated with a physicochemical 
transducers or transducing micro-system using optical, electrochemical, 
thermometric, piezoelectric or magnetic properties etc”.  
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This definition is recommended by the Chemistry and the Environment Division. 
 
Thus, a biosensor is a self-contained integrated device that should be clearly 
distinguished from an analytical system, which incorporates additional separation 
steps, such as high performance liquid chromatography (HPLC), or additional 
hardware and/or sample processing such as specific reagent introduction, e.g. flow 
injection analysis (FIA).  
Even though a biosensor should be a reagent-less analytical device, the presence 
of ambient co-substrates, including water for hydrolases or oxygen for 
oxidoreductases, may be required for the analyte determination [1].  
 
According to [1], biosensors constitute a subgroup of chemical sensors where 
biological host molecules, such as natural or artificial antibodies, enzymes or 
receptors or their hybrids, are equivalent to synthetic ligands and are integrated 
into the chemical recognition process. 
 
 
Figure 1. Schematic of a bio-chemical sensor. 
 
In order to consider a sensor as bio-chemical, it should be a combination of a 
physical device, i.e. a transducer, and analyte-selective layers of biochemical or 
chemical substrates, as emphasized in Fig.1.  
Thus, a complete sensor system will contain the transduction principle, the 
sensitive layer, the signal processing and an output device to collect the generated 
signal. 
The sensitive layer, as explained in the following sections, is mainly responsible 
of selectivity, sensitivity, stability and reversibility of the sensor which are the 
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fundamental, but not unique, requirements of the latter. An efficient biosensor 
should thus be subjected to surface chemistry and modification of the sensitive 
layer in order to provide high selectivity and sensitivity.  
 
2.2 BIO-SENSORS PROPERTIES 
 
The major figures of merit characterizing a bio-sensor are here described. 
An ideal biochemical sensor should cover several properties including high 
sensitivity and selectivity, low detection limit, high throughput, good reliability, 
fast and reversible response, robustness, easy portability, low cost and simple 
fabrication processes.  
 Selectivity, i.e. the capability of the sensor to detect a specific analyte in a 
sample containing different chemicals, can be assured by employing a 
functionalization layer of the relevant receptors in order to immobilize the 
desired target molecule upon the resonator surface.  
This kind of sensing, i.e. the one employing receptors by assuring high selectivity, 
is termed surface sensing.  
Despite this, the other sensing technique is the one called homogeneous sensing 
where the bio-sensor is covered by a fluid (liquid or gaseous medium) and 
biomolecules are inserted inside this solution by altering device properties. This 
way, all the molecules contributes to a change in the device response and it is not 
possible to select a specific molecule.  
 Detection limit (indicated with both the acronyms DL or LOD that stands 
for limit of detection) is defined as the minimal change in the analyte 
properties that the sensor is capable to detect.  
 Limit of quantitation (LOQ) is defined as the lowest concentration at 
which not only the analyte can be reliably detected, but also at which some 
predefined goals concerning measurement errors, i.e. bias and imprecision, 
are met. It is an additive figure to LOD used to describe the smallest 
concentration of a measurand that can be reliably measured by an 
analytical procedure.  
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 Limit of blank (LOB) is defined as the highest apparent analyte 
concentration expected to be found when replicates of a blank sample 
(containing no analyte) are tested. 
A standard method for determining these last three figures has been provided in 
the guideline EP17, Protocols for Determination of Limits of Detection and Limits 
of Quantitation [2]. 
 Sensitivity (S) is related to the variation of the output signal generated by 
the device with respect to the variation of the analyte properties, i.e. a 
mass or a concentration. 
 Analytical Sensitivity (AS) is defined as the slope of the calibration curve 
representing the device sensitivity and having a linear shape. Sometimes 
the AS figure is confused with LOD. This should be avoided since LOD 
could reside below the linear range of the assay where the calibration 
curve has not validity. 
 Throughput is the rate at which a biosensor system performs separate 
assays.  
 
2.3 SENSITIVE LAYER 
 
Most of bio-chemical sensors rely on a surface-based detection of the molecules 
composing the interest analyte. That means that the device surface is activated in 
order to allow a surface-molecule binding by suiting some probes that are 
immobilized on the device surface. These probes are also indicated as 
biorecognition elements and their employment depends on the specific target 
analyte to be detected. Such biorecognition elements are immobilized in the form 
of a sensitive layer on the surface of the device and they are capable of recognize 
and capture the target analytes.  
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Figure 2. Schematic of bio-recognition process. 
 
Antibodies and polymeric molecules are the most commonly used capturing 
probes. 
Properly, antibodies in monoclonal and polyclonal form are employed as binding 
elements for proteins due to their robustness, large binding affinity and high 
specificity. Other widely employed probes are polymeric molecules such as 
aptamers that not only show the same peculiarities of antibodies, but can also be 
chemically synthesized without using animal or cell cultures [3]. 
When capturing probes are immobilized on the surface, two crucial issues need to 
be taken in consideration: one related to a homogeneous coverage of the surface 
and one related to the orientation of the probe on the surface. A failure in this 
immobilizing probes procedure gives rise to a lack of selectivity. If the spatial 
orientation of an antibody on the surface is not correct, indeed, the formation of a 
biomolecular complex coming from the reaction of the antibody with the 
associated antigen could not be verified.  
There exist several techniques that could be used to achieve the correct 
orientation. They are essentially based on the use of surface modifying agents that 
couple to the antibody in such a way that the antibody sites that are reactive to the 
binding with the antigen are orientated away from the surface of the device. More 
details on different antibodies immobilization techniques aimed to a correct 
orientation control could be found in [4]. 
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Here we only resume the most employed surface activation techniques useful to 
bind the biorecognition elements to the device surface. The main interactions 
employed for this purpose include the physical adsorption, the formation of a 
covalent bond, and the use of functional molecules [5]. 
 
2.3.1 RECEPTORS IMMOBILIZATION ON THE SUBSTRATE 
 
The simplest technique to be employed for biosensing operations where no 
directional orientation of biomolecules is necessary is the physical adsorption 
where electrostatic or hydrophobic interactions are suited to immobilize 
biorecognition elements. 
The first cited immobilization strategy relies on the electrostatic attraction 
between the charged molecules and the oppositely pre-charged surface that makes 
the technique interesting for the simple and inexpensive activation surface 
procedure. On the other hand, charged surfaces are prone to nonspecific 
adsorption of charged molecules and they should not be suited for the analysis of 
complex samples due to the lack of selectivity of the method. 
The hydrophobic interaction is instead based on the interaction between non polar 
molecules and it is favorite in water where hydrophobic molecules are unable to 
form hydrogen bonding with polar molecules like water, as the name suggests. 
A different approach is based on covalent immobilization of biorecognition 
molecules on the sensor surface. The functional group of the capturing probes is 
coupled to the functional group of the surface that has been pretreated in order to 
confer more reactivity to its functional group. The formation of covalent bond 
could rely on amine, thiol group or aldehyde coupling. Amine coupling involves 
the activation and stabilization of carboxylic groups in order to make them 
reactive to nucleophile groups. This method is employed for protein 
immobilization. The thiol coupling is another widely used immobilization 
method. It is based on the reaction of thiol groups (-SH) usually located on the 
receptors and thiol-reactive functional groups located on the device surface. The 
location could anyway be the opposite. The formed bond may be easily disrupted 
in solutions containing thiols and this property can be exploited for regeneration 
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of the sensor surface and its repeated use. The aldehyde coupling method is 
particularly useful for the immobilization of glycoproteins and it is based on the 
Schiff-base condensation of aldehyde groups to amines and hydrazines. The 
latters are preferred for Schiff-base formation since they are more stable in 
aqueous environment than amine groups. 
Although the employment of nonspecific interactions or covalent bonds for the 
immobilization of biorecognition elements on the device surface is rapid, simple 
and cheap, really often the immobilized molecules are randomly orientated on the 
surface and this could lead to a partial loss of the receptor activity as yet 
mentioned. 
A strategy that could be employed for the creation of well-defined and oriented 
biomolecular assemblies is to immobilize the capturing probes via non-covalent 
interactions. The strongest non-covalent biological interaction known is the 
biotin-avidin (streptavidin) system that is one of the most used affinity pairs in the 
field of molecular, immunological, and cellular assays due to its strength and 
specificity of interaction. It consists of the binding between a protein, biotin, with 
a vitamin, avidin, or with a bacterial homologous protein to avidin, called 
streptavidin that is anchored to the sensor surface. Streptavidin is more employed 
than avidin since commercially available in a number of engineered forms. In 
addition, avidin could increase the undesired nonspecific adsorption. The 
peculiarity of this complex is that the bond forms very rapidly and is stable in 
wide ranges of pH and temperature. Since the affinity constant* of streptavidin–
biotin interaction is really high, the system is considered one of the strongest and 
almost irreversible bonds available in bio-interactions. 
An additional non-covalent immobilization technique is the one based on the 
employment of complementary nucleic-acid strand. It suites the site-directed 
immobilization of biorecognition elements via a sequence-specific hybridization 
of DNA and nucleic acids. One DNA strand is indeed incorporated into the 
biorecognition element, usually a protein, that is site-directly immobilized to the 
complementary DNA strand located on the sensor surface. Another widely 
employed complex for immobilization is the one called His Tag system. His Tag 
is a short amino acid sequence consisting of histidine (His) residues in 
*The affinity constant, or association constant, is a numerical constant used to describe the bonding affinity of 
two molecules at equilibrium. 
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recombinant proteins that is used as biorecognition element. Nickel nitrilotriacetic 
acid is usually employed for the immobilization of this receptor in a non-covalent 
bond. An oriented and specific immobilization of antibody could instead be 
assured by binding protein A/G to the surface. The capturing probe here is the 
system protein-antibody. Proteins A or G are immobilized on the sensor surface 
via a covalent immobilization for example, and they bind to antibodies 
specifically in certain regions containing antigen-binding element. Both Protein A 
and Protein G are native and recombinant proteins of microbial origin that bind to 
mammalian immunoglobulins (Ig) composing antibodies. These can come in 
different varieties known as isotypes or classes. One of the most versatile isotype 
is the antibody isotype Immunoglobuline G (IgG) which is in the binding domain 
of both protein A and G. 
In order to activate a surface, a widely employed technique is based on silane 
chemistry. It is largely used in presence of silicon, silicon oxide and silicon nitride 
that are the most common materials used for sensitive layer realization in optics. 
Silane coupling agents have, indeed, the ability to form a durable bond between 
organic and inorganic materials. They are employed for different biomaterials, 
including DNA, oligonucleotides, protein, cell-organelle, whole cell and tissue. A 
typical application in which these coupling agents are suited is the activation of an 
inorganic surface having hydroxyl groups (–OH) that can be converted into stable 
oxane bonds by reaction with the silane. Thermal stability up to 350°C for certain 
silanes and their excellent effectiveness on inorganics materials make them real 
popular for surface chemical activation. 
 
2.3.2 MOLECULAR RECOGNITION ELEMENTS 
 
Different elements could be employed as recognition elements, including proteins, 
peptides, nucleic acids, carbohydrate structures and small organic or inorganic 
molecules. These biorecognition elements bind to the functional groups that have 
been previously immobilized on the activated surface through the techniques 
described in the previous section. Target molecules then anchor to the 
biorecognition elements and their detection could be realized through different 
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schemes. The choice of scheme or format depends usually on the size of the target 
molecule. 
The most employed detection formats are the one named direct-, sandwich-, 
competition- and the inhibition-detection format. In the first approach, the target 
molecule is bound to the biorecognition element immobilized on the device 
surface giving rise to a response signal from the device. Another detection format 
is the one called sandwich which is often used to enhance the sensor response. It 
is based on a primary binding of the target molecule to the biorecognition 
elements and then to the binding of a second antibody to the target molecule in 
order to create a double ligand with the target molecule that is sandwiched. This 
way the useful signal generated by the sensing device is related to the second 
antibody presence. The competitive detection format, instead, is based on the 
competition of two target molecules for the binding to a specific site on the device 
surface. One of the target is free, while the other is typically conjugated with a 
large molecule. Finally, the inhibition detection format relies on the 
immobilization of the target molecule on the device surface and the flowing of a 
solution containing a mixture of biorecognition and free target molecules on the 
device surface. A binding is generated between the unreacted biorecognition 
molecules and target molecules immobilized on the sensor surface. 
A schematic of these detection formats is depicted in Fig. 3. 
 
 
(A) 
 
(B) 
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(C) 
 
(D) 
 
SYMBOLS: 
 
ANALYTE    BIORECOGNITION      BIORECOGNITION           ANALYTE 
                                ELEMENT I                ELEMENT II        CONJUGATED WITH             
A LARGE MOLECULE 
 
Figure 3. Detection formats: (A) direct detection, (B) sandwich detection, (C) 
competition detection, (D) inhibition detection. 
 
A widely employed classification of modern biological and chemical sensors is 
the one based on the transduction mechanism supported by the device, i.e. 
electrical, thermal, mechanical or optical. 
 
2.4 SENSING MECHANISMS AND TRANSDUCING METHODS: OPTICAL 
DEVICES 
 
Biochemical sensors are developed for numerous kinds of analytes: gases, vapors 
and humidity, ions, organic chemicals, and macromolecules. As written 
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previously, different chemical approaches  and transduction mechanisms can be 
adopted to produce the final signal.  
According to [1], the following Table shows the main classes of biosensors and 
the relative possible physical principle employed.  
 
Table 1. Bio-chemical sensors classification. 
CLASS OF SENSORS OPERATING PRINCIPLE 
Optical devices (optodes) 
Absorbance 
Reflectance 
Luminescence 
Refractive index 
Optothermal effect 
Light scattering (Raman) 
Electrochemical 
Voltammetry 
Potentiometry 
Chemically sensitized field effect transistor 
Potentiometry with solid electrolytes for gas 
sensing 
Electrical 
Metal oxide semiconductivity 
Organic semiconductivity 
Electrolyting conductivity 
Electric permettivity 
Mass sensitive 
Piezoelectric 
Surface acoustic wave propagation 
Magnetic Changes of paramagnetic gas properties 
Thermometric Heat effects of a specific chemical reaction 
Others Emission of α-, β-, or γ-radiation 
 
As reported in Table 1, several classes of sensors have been investigated as 
biochemical sensors including electrochemical, electrical, mass sensitive, 
magnetic and thermometric sensors. 
Despite other transducing methods, optical devices based biosensing seems to be 
the most promising in nanoscale environment. The immunity to electromagnetic 
interference, the capability of both performing remote sensing and multiplexed 
detection within a single device [6] makes indeed photonics devices good 
candidates for a quick on market penetration. Photonic or optical devices, or 
optodes, suite various transducing properties for biosensing purposes including 
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light absorption spectroscopy, reflectance, luminescence, optothermal effect, the 
monitoring of either the effective refractive index RI change or of the Raman 
scattering effect. 
The terms optics and photonics are usually interchanged when referring to 
biosensing since these two scientific branches are deeply dependent on each other. 
Properly photonics (from the Greek υωτός that means light) is being hailed as the 
dominant technology for the 21st century due to the several application fields it 
has been suited, including information processing, transmission, data storage, and 
display. Prerogative of this science is to study phenomena related to light–matter 
interactions which have also been explored in biosensing field since last two 
decades. 
Thus, in order to understand the physical processes concerning optical sensing, 
some light-matter interactions will be briefly described, following [7]. All the 
spectroscopic techniques that will be mentioned rely on the measurement of the 
energy-matter interaction. 
 
2.4.1 ELECTRONIC ABSORPTION SPECTROSCOPY 
 
This sensing mechanism relies on the employment of a lamp (e.g., a Xe lamp 
which provides a continuous distribution of the electromagnetic radiation from 
UV to near IR) or of any broadband source emitting light that is oriented to 
impinge on a sample and is then absorbed by a spectrometer. The latter measures 
the linear electronic absorption defined by the Beer–Lambert‟s law which states 
that the attenuation of an incident beam of intensity I0 (at frequency ν) is 
described by an exponential decay behavior and the output intensity I is given as: 
 
( ) ( )
0 0( ) ( )10
k v Lc v LcI v I e I v     (1) 
 
The coefficient ε(v) is called “molar extinction” coefficient at frequency v and is 
expressed in [L/(mol·cm)]; c is the molar concentration (mol/L) of absorbing 
species in the material.  
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The term L in Eqn. (1) (measured in cm) is the optical path length defined by the 
length of the absorbing medium through which the light travels. 
Another figure used to describe absorption or attenuation is the transmittance T, 
defined as the ratio between the incident beam intensity and the output intensity: 
 
0
( )
( )
( )
I v
T v
I v

 
(2) 
 
The absorbance A is then defined as: 
 
10
1
( ) logA v
T
 (3) 
 
The absorption spectrum is usually exhibited as a plot of T versus v (or 
equivalently λ) and a dip at the absorption frequency v is visible in the spectrum. 
Though the absorption spectrum it is possible to detect and identify a 
chromophore, i.e. a molecular unit responsible for the color of a molecule. Indeed, 
when light hits a molecule, the latter absorbs certain wavelengths and transmits or 
reflects others, showing a color.  
A more accurate definition of chromophore is the one that considers it as a region 
in a molecule where the energy difference between two different molecular 
orbitals falls within the range of the visible spectrum.  
Visible light that hits the chromophore can thus be absorbed by exciting an 
electron from its ground state into an excited state. This transition (from ground to 
excited state) produces absorption at a specific frequency that can be dependent 
on the environment of the chromophore.  
The detection method consists of reading the shift of the absorption band and 
probing the interaction in which the chromophore or the chromophore containing 
bioassemblies (biological media) may be involved. 
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2.4.2 ELECTRONIC LUMINESCENCE SPECTROSCOPY 
 
Luminescence is a process where a medium emits radiations after absorbing 
energy. If the process concerns emission of light due to the relaxation of an 
electronic excited state generated by light absorption, the term fluorescence is 
used. By monitoring the fluorescence life-time it is possible to extract information 
concerning inter-molecular activity in terms of energy transfer. 
 
2.4.3 VIBRATIONAL SPECTROSCOPY  
 
Vibrational spectroscopy refers to both infra-red IR and Raman spectroscopy. The 
first relies on the change of atoms vibrational levels due to the absorption of a 
photon with frequency in the infrared range. 
Raman spectroscopy is instead a spectroscopic technique based on the inelastic 
scattering of monochromatic light impinging on the biological sample, i.e. the 
frequency of photons in monochromatic light changes upon interaction with the 
analyte. Photons are indeed absorbed by the sample and then reemitted at a 
frequency that is shifted up or down in comparison with the original frequency. 
This is called the Raman effect. Vibrational, rotational and other low frequency 
transitions in molecules can be investigated by monitoring this shift.  
 
2.4.4 REFRACTIVE INDEX CHANGE 
 
Most integrated optics configurations for biosensing applications suite effective 
refractive index neff change induced by the interaction of the analyte with the 
device.  
While refractive index n of a material is an intrinsic property depending on the 
optical wavelength or frequency*, the effective refractive index (or effective 
index) is not just a material property, but depends on the whole optical device 
design. 
*This dependence is called dispersion. 
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Formally, the effective index is defined as “a number quantifying the phase delay 
per unit length in a waveguide, relative to the phase delay in vacuum” [8].  
The refractive index can, indeed, be used to quantify the increase of the vacuum 
wavenumber k0 (phase change per unit length) caused by the presence of the 
medium, that is: 
 
0m mk n k  (4) 
 
where k0=2π/λ. The subscript m stands for medium. 
At the same manner, the effective refractive index neff is related to the propagation 
of light in a guiding structure as previously formally defined; the propagation 
constant β of the waveguide is indeed equivalent to the effective index times the 
vacuum wavenumber k0: 
 
0  effn k  (5) 
 
As yet indicated, the RI change based detection method accounts for the effective 
index change but usually this method is referred to as refractive index RI change 
based detection method. 
This detection method, widely proposed in literature, suffers from the dependence 
of the effective index neff from the temperature, so a Δneff can be induced not only 
from the variation in the concentration of the analyte to be detected, but also from 
a temperature instability.  
Thus a thermal control consisting in choosing the appropriate material for the 
sensor fabrication, i.e. a polymer, or an external device for thermal stabilization 
should be performed when this sensing method based on RI change is applied 
whatever is the employed configuration, i.e. a planar waveguide or an optical 
resonator as it will be detailed later (Section 3.2.4).  
The detection principle based on effective RI change will be described with more 
details in subsection 2.6.1. 
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2.5 OPTICAL DETECTION PROTOCOLS: label-free and label-based detection 
 
Optical biosensing can be implemented mainly through two different protocols: 
label-free and label-based detection. The latter relies on the labeling of either 
target or biorecognition molecules usually with fluorescent tags or dyes, but also 
with radioactive molecules or plasmonic and magnetic nanoparticles. It is also 
named fluorescence-based detection.  
This detection method could be classified as an indirect method since molecules 
composing the analyte are not detected in their natural form, but are structurally 
and functionally modified. A wide range of labels is commercially available and 
well-established detection techniques based on optical microscopy are 
experimentally used.  
The label based detection is indeed widely employed when the target molecules 
are so tiny not to be easily detected with a conventional microscopy technique and 
it is the intensity of the fluorescence coming from the dyes anchored to the target 
molecules that is collected by the photodetector. 
This technique is extremely sensitive because it can measure down to a single 
molecule. Some issues are anyway associated to a label-based detection which is 
not only time consuming, but it also results to be more expensive than label-free 
or direct detection method. Additional chemical steps are indeed required before 
transducing the device output signal which accounts for the presence (i.e. 
concentration) of the target molecules.  
Another limitation is given by the complexity that the label adds to the reaction 
under analysis and, thus, by the greater risk of interference and misinterpretation 
of the data. Finally, since the labels are typically added in a further processing 
step, most of the methods label-based can provide data only at the end of the 
reaction and do not provide any real-time information on the reaction kinetics. 
Since the research on the biosensors is driven by the need to reduce assay costs 
and complexity by ensuring at the same time quantitative and kinetic 
measurement of molecular interactions, much of the research effort in biological 
sensing is focused on label-free detection procedure. It relies on the employment 
of a sensitive layer “reactive” to some physical properties of the analyte , 
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including mass, volume, electric permittivity or others. A change in one of these 
properties is then transduced into a signal that can be detected and measured by an 
appropriate instrument. 
This detection protocol is easy and cheap to be performed.  
 
2.6 GEOMETRIES OF INTEGRATED OPTICS BIOSENSORS 
 
Previously, the main goals that a biosensor should reach have been pointed out 
including robustness and easy portability. 
These properties could be assured in the optics field by employing compact 
platforms monolithically integrated on a chip. Here the basic configurations 
adopted in the design of devices for biosensing applications and realized in 
integrated optics are introduced. These could be merely employed in their native 
structure or designed in order to create more complex configurations.  
These basic configurations are: 
 
• Planar waveguides; 
• Photonic crystal devices; 
• Optical fiber; 
• Resonant cavity devices (ring, disk, toroid, sphere configurations). 
 
And a brief description of these is given in the followings. 
 
2.6.1 PLANAR WAVEGUIDES 
 
Planar waveguides are the simplest optical devices employed for biosensing 
purposes.  
Light confinement in the waveguide and propagation within it can be physically 
explained by employing the Snell‟s law (known also as refraction law) or 
equivalently by describing the total internal reflection (TIR) physical 
phenomenon. 
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Snell‟s law states that when a wave impinges on an interface between two media 
with different indices of refraction (n1 and n2), the phase of the wave has to be 
constant on any given plane since it is valid the relation of continuity of the wave 
across a boundary, i.e. 
 
1 1 2 2sin sin n n  (6) 
 
The relation described in Eqn. (6) is known as Snell‟s law and it is applied to 
every interface that light encounters along its path. Here n1 is assumed to be the 
refractive index of the incidence medium, θ1 the incidence angle and n2 and θ2 the 
refractive index of the refraction medium and the refraction angle, respectively. 
For certain values of the incidence angle θ1, most of the light is refracted at the 
interfaces, a portion is instead back reflected. 
The critical angle is defined as the angle for which light is not refracted at the 
interface between the media n1 and n2, with n1>n2, but propagates along the 
interface (i.e. θ2 = π/2): 
 
1 2
1
sin 
 
  
 
c
n
n
 (7) 
 
When light strikes at this interface with an angle of incidence larger than the 
critical angle, the total internal reflection (TIR) phenomenon occurs, i.e. light is 
totally back reflected at the interface. The situation of an incidence medium 
sandwiched between two media having lower refractive index is depicted in Fig. 
4. Here we assume n1>n2 and n1>n3. 
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Figure 4. Schematic of a ray of light striking at an interface.  
 
In Figure 4, the physical principle of TIR suited for light propagation, according 
to the Snell‟s law, is depicted. As an example, assuming n1 = nSi , the relations nSi 
> nair and nSi > nSiO2 are satisfied in SOI technology since nair= 1 RIU, nSi= 3.48 
RIU and nSiO2=1.44 RIU at the operative wavelength of 1550 nm and light could 
propagate by TIR in the waveguide core (TIR occurs at both the interfaces). 
The operative principle of planar waveguide-based biosensors depends on the 
detection of effective index change induced by the immobilization of bio-
recognition molecules upon waveguide surface and the subsequent binding of 
target molecules. 
Figure 5 shows the generic detection protocol (named surface sensing) of a RI-
based optical label-free biosensor. As previously indicated, here we use both 
refractive index change and effective index change as synonyms. 
Generally, light propagating in the sensor is confined near its surface showing an 
evanescent field exponentially decaying into the bulk solution. Its characteristic 
decay length (ranging from few tens to a few hundreds of nanometers) allows to 
detect the RI change induced by the analyte binding within the decay length. 
Those analytes that are far away from the sensing surface are indeed not captured 
by the biorecognition molecules and they do not interfere with the sensor 
response. 
n
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Figure 5. Surface sensing detection method. 
 
The same principle of RI change detection is suited by other optical geometries 
employed for biosensing and is here theoretically described.  
In order to analytically explore refractive index change concept, a modeling of an 
integrated optics (IO) sensor based on this detection scheme is plotted in Fig. 6.  
 
Figure 6. Sensing guide section. 
 
We define C as the covering medium (a fluid), G‟ as the add-layer of molecules 
absorbed by or bounded to the waveguide surface when this latter is exposed to 
the medium C, G as the guiding layer and S as the substrate. 
When a source of light (input wave) propagates along the guiding layer, it always 
shows an evanescent tail that interacts with the surrounding medium. 
The penetration depth of the input wave is strictly related to the index contrast 
between the effective refractive index and the cover refractive index:  
 
 2 2
2
c eff Cz n n


    (8) 
 G 
G‟ 
C 
S 
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If the cover refractive index is increased, a change in the waveguide effective 
refractive index is induced and the resonance wavelength is red-shifted (i.e. 
shifted toward higher wavelengths). 
Properly the effective refractive index change Δneff can be induced by three 
different effects [10]: 
 
a) the presence of the new layer G‟; 
b) the variation in the covering medium refractive index Δnc; 
c) the eventual porose nature of the guiding layer G that induces a change ΔnG 
in the refractive index of the same layer. 
 
According to the above mentioned effects, it is possible to define three optical 
sensitivity constants strictly related to the effective refractive index change Δneff 
through the formula:  
 
'
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eff eff eff
eff G C G
G C G
n n n
n d n n
d n n
       
          
       
 (9) 
 
where dG’ is the add-layer thickness.  
If we consider the definition of cut-off thickness of the guiding layer for TE 
polarized light: 
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  
   
    
 (10) 
 
it is possible to realize waveguides having a cut-off thickness (thickness that 
establishes the condition for which just a single mode propagates down the active 
region/guiding layer) really smaller than the incident wavelength only if the 
contrast index between the guiding layer and the substrate is big enough (> 0.3). 
For example, if nG-nS = 0.2 RIU, the mode supported by the guide is TE0 and the 
operative wavelength is 1550 nm, then the cut-off thickness is comparable (1376 
nm) to the operative wavelength.  
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That is one of the reasons why Silicon on Insulator (SOI) chips (having an index 
contrast of more than 2 RIU at the wavelength of 1550 nm) are widely employed 
in optical devices design in order to realize sub-micrometric chemical and 
biochemical sensors. 
A simultaneous detection of different analytes can be realized by creating an array 
of planar waveguides. This operative method is thus called “simultaneous 
multichannel multianalyte detection”, and it is realizable also through other 
optical geometries [11], [12]. 
 
2.6.2 PHOTONIC CRYSTAL DEVICES 
 
A photonic crystal device is constituted by a dielectric substrate characterized by 
the presence of periodic structures that, if excited by a source of light, allows for 
the propagation of a range of wavelengths (photonic bandgap). If the periodicity 
of the structure is changed (due to the introduction of a defect) and/or the 
refractive index contrast is modified (due to biomolecules absorption on photonic 
crystal surface), then the photonic bandgap is shifted. The shift is due to the 
effective index change experienced by the light source when propagating through 
it, as in planar waveguide biosensors [13]. 
 
2.6.3 FIBER OPTIC BIOSENSORS 
 
Fiber optic biosensors are devices relying on the employment of a fiber optic 
device as transduction element. Light propagates along the optical fiber by suiting 
the principle of total internal reflection reaching the site of analysis. A signal 
proportional to the concentration of the target molecules bound to the receptors is 
then produced. If the biosensor is employed in an “extrinsic” configuration, then 
the optic fiber acts only as a channel useful to transmit light to the sensing 
elements and to receive it back. Spectroscopic techniques, including absorption, 
fluorescence, phosphorescence or surface plasmon resonance (SPR) are then 
employed to process the signal. Otherwise, the fiber could act as a sensing 
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element since one or more of its properties change in response to the presence of 
the analyte. This is called intrinsic sensor configuration of the fiber optics 
biosensor [13]. 
 
2.6.4 OPTICAL RESONATORS  
 
An additional class of “light-matter interaction” based biosensors is the one 
composed by devices suiting optical resonances. Different geometries consisting 
of a guiding structure (i.e. a bus waveguide or a fiber) and a circularly shaped 
element (ring, disk, toroid, sphere) composing both an optical cavity can be 
employed to realize these devices known also as optical ring resonator based 
biosensors or Whispering Gallery Mode (WGM) biosensors.  
Their basic working principle is described in the followings. A more detailed 
theoretical investigation is presented in Appendix 1. 
A resonant mode, excited by an input signal, is guided to propagate within the 
cavity due to the TIR principle. The light pulse propagating through the bus (a 
waveguide or fiber) couples to the circularly shaped element only when the 
wavelength of the exciting optical signal equals the optical length of the cavity: 
 
 
effLn
m
 (11) 
 
where L is the geometrical length of the cavity and it is equal to 2πR with R the 
cavity outer radius. Also, m is an integer number called modal number and neff is 
the mode effective index. 
The observable variable in Eqn. (11) is the resonant wavelength λ. For a specific 
cavity, i.e. L is fixed, the λ value is modified when an effective index change 
occurs. According to this, one of the mainly employed method for optical 
resonators based bio-chemical sensing relies on Refractive Index (RI) change. 
When the operative conditions of a resonator are modified in terms of 
concentration of molecules introduced into the bulk solution under test and 
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interacting with the resonator, the effective index of light propagating through the 
medium changes as yet explained in section 2.6.1. 
By evaluating the resonator output signal, i.e. the shift that the resonance 
wavelength experiences, it is possible to derive the effective index change 
according to Equations (9) and (11), i.e. 
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This detection method leads to a sensitivity definition in terms of [length/RIU] 
where RIU is the Refractive Index Unit, i.e. S = Δλ/Δneff.  
The above mentioned approach is also known as refractometric sensing scheme or 
resonant wavelength shift scheme since it relies on monitoring the Δλ between the 
reference resonance and the resonance under sensing, as depicted in Fig. 7(a). An 
additional transducing method relies on monitoring the intensity variation ΔI of 
the reference and sensing resonance at a fixed wavelength (Fig. 7(b)). 
 
   
Figure 7. (a) Resonant wavelength shift-scheme. (b) Intensity variation-scheme. 
 
Peculiarity of optical resonators is to enhance light-matter interaction due to 
resonances that basically means that light passes through the sensing area where 
the analyte is placed more than once. The interaction time between light and 
matter is thus increased and, in turn, the sensitivity is higher than the one of a 
simple planar waveguide where a single light-analyte interaction occurs. 
ΔI 
(a) (b) 
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As mentioned at the beginning of the present subsection, optical ring resonator 
based biosensors support WGMs. Briefly, these modes consists of waves 
propagating along the resonator outer surface and they are characterized by low 
reflection losses showing a very high quality factor Q value.  
This figure of merit can be defined for all the resonant devices (i.e. mechanical, 
optical, electrical) as the ratio of the energy stored in the resonator to the energy 
dissipated per cycle. 
In optics, the Q-factor is practically calculated as the ratio between the resonant 
wavelength and the 3dB resonance line width (also known as Full Width at Half 
Maximum, FWHM): 
 
3dB
Q




 (13) 
 
The Q-factor affects the device sensitivity and detection limit in both the above 
mentioned detection schemes, i.e. the resonant wavelength shift- and the intensity 
variation-scheme. 
From a theoretical point of view, indeed, Δλ (Eqn. (12))should be determined only 
by the instrument resolution, independently from the resonance shape or 
bandwidth. If anyway the resonance curve is broad and some noise perturbs 
resonance spectra, it results really difficult to determinate the resonance 
wavelength shift Δλ. A narrower resonance (i.e. a higher Q-factor), instead, 
enhances the accuracy in detecting the Δλ value. In the intensity variation scheme, 
instead, a reduction of the resonant bandwidth (i.e. a higher Q-factor) improves 
the spectrum slope used to define the device sensitivity which is S = ΔI/Δneff.  
The achievement of a low detection limit and a high sensitivity is one of the main 
goals characterizing devices to be employed for biosensing application, as yet 
described in Section 2.2. Besides the Q-factor, other figures have to be taken into 
account to achieve these features by employing an optical resonator. These are the 
extinction ratio (or contrast ratio) ER and the free spectral range FSR that both 
account for an unambiguous detection of the resonances. 
To get an high contrast ratio between ON and OFF resonance allows indeed to 
mitigate the noise disturbance that means to increase the signal to noise ratio SNR 
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and thus to make the resonance distinguishable. The free spectral range FSR is 
instead a figure defined as the distance in frequency (or wavelength) units 
between two adjacent resonant wavelengths of a mode propagating within the 
resonator. Since a real time tracking of the sensing resonance could fail if 
resonance spectra are too adjacent, a wide FSR is desirable for sensing 
applications.  
If compared to waveguides, optical ring resonators offer the advantage of 
reducing the sensor footprint since the effective length of interaction between the 
light and the analyte is determined by the number of revolutions that light 
experiences inside the resonator (which is related to Q) and not to the sensor 
physical size. Despite their sub-millimeter dimensions, optical micro-resonators 
indeed show a Q-factor value resulting in an effective light/matter interaction of 
the order of centimeters.  
 
2.7 CONCLUSIONS 
 
An introduction to biosensing field has been here presented starting with the 
definition of bio-chemical sensor and the description of the principal 
characteristics and components a biosensor should rely on. Due to their 
potentialities, the attention has been focused on optical devices with a brief 
description of the main sensing mechanisms and platforms so far proposed in the 
biosensing research field. According to the properties of robustness and easy 
portability that a biosensor should possess, the basic configurations adopted in the 
design of devices for biosensing applications and realized in integrated optics 
have been introduced, including planar waveguides, photonic crystal devices, 
fiber optics and optical resonators. The mainly investigated transducing method 
associated to these configuration has been also described. It relies on the change 
of the effective index of the guided mode propagating within the optical device 
due to the interaction of guided light with the analyte. This method is referred to 
as RI change method.  
In the integrated optics field, optical resonators seem to be the most promising 
configuration for biosensing purposes due to the high performances in terms of 
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sensitivity and detection limit achievable with a reduced sensor footprint due to 
resonances. 
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Chapter 3. 
WHISPERING GALLERY 
MODE BASED BIO-
CHEMICAL SENSORS 
 
 
 
 
 
Different resonant cavity configurations have been investigated in the design of 
chemical and biochemical optical sensors for quantitative detection of a specific 
analyte or for nanoparticles detection, including ring, disk, cylinder, toroid or 
sphere configurations.  
These are also known as whispering gallery mode (WGMs) sensors because they 
involve light that is guided in a way similar to the whisper heard by Lord 
Rayleigh in an ancient gallery located under the dome of St. Paul‟s Cathedral in 
London [1].  
This is an acoustic phenomenon relying on the propagation of sound along the 
perimeter of a round gallery without a significant reduction of sound intensity.  
At the same manner, waves composing electromagnetic modes propagating within 
an optical cavity are pushed to travel along the cavity outer periphery, i.e. at the 
interface between the resonator and the surrounding medium, due to the total 
internal reflection phenomenon which also produces an evanescent field in the 
medium outside the cavity (see Chapter 2). 
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Figure 1. A possible path taken by the whisper. 
 
These circular modes are excited when the light introduced into the resonator 
constructively interferes with itself by completing an integer number of optical 
cycles in the time required to make one revolution around the cavity [2], i.e. at the 
cavity resonant wavelength λR.  
The physical binding of a cloud of particles (composing the fluid solution under 
test) to the device implies the interaction of the particles with the evanescent tail 
of the electromagnetic field propagating within the resonator as WGM. This gives 
rise to a change of the refractive index immediately around the device (i.e. a 
background index change) that affects the cavity resonant wavelength in terms of 
shift.  
According to this phenomenon, WGMs based resonators are widely investigated 
as biosensing platforms since the analyte concentration is solution can be 
quantified by measuring the wavelength shift. In addition, the device sensitivity 
and limit of detection are improved by the high quality factor characterizing 
WGMs due to the low reflection losses within the cavity. 
 
The Chapter is organized as follows: first an overview of the main results 
achieved in the bio-chemical sensing field by suiting WGM based devices is 
presented. Different configurations (i.e. planar ring resonators, liquid core ring 
resonators and microsphere and microtoroids) are examined in terms of sensing 
capabilities, such as sensitivity and limit of detection. Advantages and 
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disadvantages of the different analyzed configuration are pointed out. Then issues 
concerning the design of a cavity to be employed for biosensing purposes are 
discussed, including the choice of the technology and the geometrical 
configuration in accordance with cavity loss and potential sources of noise.  
 
3.1 OPTICAL RING RESONATOR CONFIGURATIONS AND 
PERFORMANCES OVERVIEW 
 
3.1.1 PLANAR RING RESONATORS 
 
Planar ring resonators are optical microresonant structures characterized by a 
structure well fixed to the chip via monolithic integration, thus assuring the 
properties of compactness and reproducibility and their intrinsic advantages (i.e. 
mass production, lowering of cost production, and reliability).  
Different material systems, such as polymers [3], [4], [5], [6], glass [7], silicon 
nitride [8], [9], [10], silicon on insulator (SOI) [11], [12], [13], [14], have been 
utilized for planar ring resonator fabrication. Polymers seem to be promising for 
realizing disposable passive optical resonator based biosensors due to the low 
cost, simple fabrication techniques, wide commercial availability and 
biocompatibility. Respect to silicon equivalent, a reduced sensitivity has been 
demonstrated by employing polymers. This issue could be anyway overcome by 
suiting porous polymers because the internal surface area of the material provides 
a host medium to immobilize specific biorecognition elements [15]. 
 
  
Figure 2. SEM images of a disk (left) and a ring (right) optical microresonator. 
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A widely used material system for fabricating on-chip biosensors is SOI whose 
main advantages are the light confinement, the high refractive index contrast, and 
the low propagation losses [16]. In particular, the most common silicon 
nanophotonic waveguides are made by silicon wires surrounded by a silicon oxide 
bottom cladding and by a low index top cladding (air or silicon oxide). The high 
index contrast between the core and the cladding allows the light to propagate in 
very small radius bends with negligible radiation loss.  
Single bus waveguide (called two ports configuration) or two distinct bus 
waveguides (called four ports configuration), parallel or crossing, configurations 
have been employed for exciting the resonator and extract the signal from that. 
The coupling path between the waveguides and the resonator could be vertical [5], 
[7] or lateral [3].  
Different planar ring resonator configurations have been proposed for sensing 
applications. The most common are disk [17], circular ring [7], and racetrack 
geometries [12], [18], but also slot-waveguides based resonators [19], [20], [21], 
[22], spiral [23] and SNOW [24] have been employed as biosensors 
Several analytes have been investigated in order to test devices sensitivity and 
detection limit in terms of minimum detectable value of analyte concentration in 
solution (expressed either as effective index change [RIU] or as mass adsorbed 
per unit area [pg/mm
2
] on sensor surface). 
Due to the strength and specificity of interaction, the biotin-avidin system is not 
only employed as capturing probe (see Chapter 2) but it serves also as specimen 
useful to test a device sensitivity. Several planar ring resonators have indeed been 
employed as optical platforms for proteins detection, including the most common 
biotin-avidin (streptavidin system) [9], [18], [22], [25], [26], and bovine serum 
albumin (BSA) [12], [13]. Planar ring resonator configurations have also been 
employed as gas sensors. Ethanol [19] and acetylene [23] detection have been 
demonstrated with a LOD of the order of 10
-6
 RIU and a sensitivity of about 500 
nm/RIU, respectively. Also cytokine [27], 5-TAMRA cadaverine molecule [28], 
DNA hybridization [11] and toxic organic compounds such as N-methylaniline 
[29] have been detected by employing planar resonators. Due to the relevance of 
some metabolic diseases, such as diabetes, and the reduced cost associated to the 
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sample preparation, sucrose solutions have been widely employed as analytes to 
be investigated [4], [30], [31], [32]. The strong and specific reaction between the 
enzymes glucose oxidase (GOD) and glucose (β–D-glucose) with the consequent 
conversion of β–D-glucose to gluconic acid is usually suited for glucose 
molecules immobilization. A LOD of the order of 10
-6
 RIU [30] and a sensitivity 
of few hundreds of nm/RIU [4] have been demonstrated in sugars detection. 
 
Table 1. 
Analyte Technology Radius 
Q-
factor 
Sensitivity LOD Ref. 
Glucose/sucrose 
solution 
Si3N4 1 mm - - 
5x10
-6
 
RIU 
[30] 
PS 30 m 5x103 - 
5x10
-5
 
RIU 
[32] 
Polymer - - 
200 
nm/RIU 
10
-5
 RIU [4] 
Si3N4 15 m - 23 nm/RIU 10
-4
 RIU [8] 
Streptavidin-
biotin/avidin-
biotin 
PS 45 m 2x104 - 
250 
pg/mm
2
 
[3] 
SixNy 2 mm - - 
6.8 
ng/mL 
[9] 
SiNx - - 5.7 nm/nm 30 ng/mL [22] 
SOI - - - 3 pg/mm
2
 [25] 
Tb: SiON 5 m 500 
0.26 
nm/nm 
10
-7
 RIU [26] 
5-TAMRA 
cadaverine 
molecule 
polymer 180m 3.5x104 23 nm/fg 0.22 af [5] 
BSA 
SOI 15 m 4.3x104 
163 
nm/RIU 
- [13] 
SOI 5 m - - 
17 
pg/mm
2
 
[12] 
DNA 
hybridization 
SOI - - 
683 
nm/RIU 
- [11] 
N-methylaniline - 100 m 105 - 2 nL [29] 
- Si 5 m - 
240 
nm/RIU 
1 Å [24] 
- Si3N4 70 m - 200 
nm/RIU 
2x10
-4
 
RIU 
[20] 
NaCl Si 5 m 330 298 
nm/RIU 
4x10
-5
 
RIU 
[21] 
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3.1.2 OPTO-FLUIDIC RING RESONATORS  
 
An additive configuration for the optical sensing is represented by liquid core 
optical ring resonators (LCORRs) also indicated as optofluidic ring resonators 
(OFRRs). The device has the unique property of acting as a resonator and as a 
microfluidic channel, at the same time. When an optical fiber is used to couple 
light to a micro-capillary, WGMs can be excited to travel around the capillary 
ring-section which is in contact with the optical fiber. It has been demonstrated 
that this micro-capillary annulus should have a size lower than 4 μm in order to 
excite the WGM whose evanescent tail will interact with the fluid solution 
flowing within the capillary [33]. 
In a multiplexed configuration, light is coupled to the LCORR through the 
employment of different optical fibers or waveguides placed in proximity of the 
capillary and the resonance conditions can be satisfied at each bus line.  
The sensing scheme relies on the to the occurring of a light-matter interaction on 
the capillary inner surface enhanced by the reduced thickness of the capillary wall. 
An opportune surface functionalization leads to the selective detection of the 
target molecules contained in the solution flowing within the capillary in terms of 
effective index change which is transduced into a resonant wavelength shift. 
This way, a compact device is realized where the capillary acts as fluidic guide 
and it is possible to obtain an array of micro-resonators for a multi-analyte 
detection by employing a single glass capillary. 
 
 
Figure 3. LCORR schematic view. Multiplexed configuration: a ring resonator is 
created in proximity of every bus waveguide 
LIGHT OUT 
LIGHT IN 
SAMPLE FLOW 
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LCORRs have been employed for DNA or proteins detection showing a LOD of 
the order of few pg/mm
2
 [33], [34]. Zhu et al. [35] demonstrated an opto-fluidic 
ring resonator based on a capillary structure for bovine-serum-albumin (BSA) 
detection showing a LOD of about 3 pM, corresponding to a surface density of 0.5 
pg/mm
2
 and a total mass of few femto-grams. The device response to various 
DNA samples was also theoretically and experimentally analyzed. The analysis 
demonstrated that the LCORR can detect DNA concentration down to 10 pM and 
a mass density detection limit of 4 pg/mm
2
 on the surface (10
10
 molecules/cm
2
). 
The same group demonstrated also virus detection employing LCORRs [36]. A 
filamentous bacteriophage 900 nm long and 10 nm wide was used to model 
human pathogens. In a detection dynamic range of seven orders of magnitude (2 × 
10
3
 – 2 × 1010 PFU/mL), a LOD of about 2 × 103 PFU/mL corresponding to a 
mode shift of a few picometers has been detected. Even with a very low virus 
concentration, the circular nature of the capillary enables an efficient capture and 
the detection of the analyte. 
Suter et al. [34] also employed LCORRs to detect DNA. They experimentally 
analyzed the response of a LCORR to a variety of DNA samples having different 
strand lengths (25-100 bases), number of base- mismatches (1-5), and 
concentrations (10 pM to 10 μM) in order to evaluate the LCORR sequence 
detection capability. The device has been demonstrated to be sensitive enough to 
differentiate DNA with only a few base-mismatches based on the raw sensing 
signal and kinetic analysis. A detection of 10 pM bulk DNA concentration was 
demonstrated with a sensitivity of about 37 nm/RIU. 
Detection of the HER2 breast cancer biomarker in human serum samples has also 
been demonstrated by employing an opto-fluidic ring resonator [37]. Results have 
shown that the OFRR is able to detect HER2 at medically relevant concentrations 
in serum ranging from 13 to 100 ng/mL in 30 min. 
Recently, a quantum dot-based “fluorescent-core microcapillary” (FCM) sensor 
has been proposed by Manchee et al. [38]. A layer of fluorescent silicon quantum 
dots (QDs) is indeed employed to coat the channel inner surface. Due to the high 
effective index of the QD layer, the electric field is confined near the capillary 
channel and WGM resonances appears in the fluorescence spectrum as peaks, 
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rather than dips in the laser transmission spectrum. The detection method is then 
based on reading the resonances shift in the fluorescence mode. The device 
showed an experimental refractometric sensitivity close to 10 nm/RIU and a LOD 
of the order of 10
−3
 RIU when a sucrose solution is employed as testing fluid. A 
proposed potential way to increase both this figures is related to the optimization 
of the QD film thickness.  
Besides the classical configuration, known as optofluidic cylindrical 
configuration, recently bottle and bubble-shaped optofluidic ring resonators have 
been investigated. Li et al. [39] investigated silica micro-bubble resonators for 
single particle detection. The theoretical LOD has been estimated to be less than 
20 nm in terms of smallest detectable particle radius. Scaling the size of detectable 
particle implies the possibility of detecting different kind of small viruses 
otherwise not detectable by employing photonic devices. Experimental results are 
related to gas sensing, i.e. ethanol have been demonstrated in [40] showing a LOD 
of 10
-6
 RIU. Promising results are also presented in [41] where single and double 
ports micro-bubble are reported.  
 
The main advantage coming from the employment of optofluidic geometries is 
that they directly incorporate the fluidic function into the sensor itself, avoiding 
this way all the issues related to microchannel-optical device on chip integration. 
Their sensing capability is really high, while their LOD is comparable to the one 
obtained by employing planar microresonator as sensing platforms. 
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Table 2. 
Analyte Technology Radius Sensitivity LOD Ref. 
BSA SiO2 50 m 50nm/RIU 10
-7
 RIU [35] 
virus SiO2 - - 
2x10
3
 
pfu/mL 
[36] 
DNA 
SiO2 - 37 nm/RIU 10 pM [34] 
SiO2 - - 4 pg/mm
2
 [33] 
HER2 breast 
cancer 
biomarker 
SiO2 72 m  30 nm/RIU 1 u/mL [37] 
Sucrose 
Solution 
SiO2+ Si 
QDs 
- 10 nm/RIU 10
-3
 RIU [38] 
- SiO2 - - R=20 nm [39] 
Testing liquids SiO2 106 m 800 nm/RIU - [42] 
 
3.1.3 MICROSPHERE RING RESONATORS 
 
Also microsphere and microtoroidal ring resonators have been investigated as 
sensors to be employed in the field of biomedical and environmental monitoring. 
Since these devices show a very high Q-factor which has been experimentally 
demonstrated to be >10
9
 in air and >10
6
 in water [43], their sensitivity and LOD 
are widely improved with respect to planar ring resonator configurations. Due to 
these features, the detection of single virus and air pollutants [44], [45], [46] has 
been demonstrated experimentally in a label-free and label-based detection 
scheme. The detection method is based on the transduction of the effective index 
change (and thus of a resonant wavelength shift), or on other observable 
phenomena including the resonance splitting due to a modal coupling caused by 
the scattering of light induced by a local RI change. 
Microtoroidal resonators have been demonstrated to be able to detect the presence 
of single metal atoms (i.e. Cesium atoms) [47] or to detect and size a single 
nanoparticle or virus [48], [49]. An exhaustive analysis of their optical response 
has been presented by Spillane et al. [50] who investigated microtoroid 
potentiality and advantages with respect to spherical resonators. Their smaller 
modal volume has been demonstrated to enhance device sensitivity. 
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Lu et al. [48] proposed a microtoroid resonator in aqueous solution (Q = 10
8
) for 
single NPs detection. In their work, they have been able to detect a single 
polystyrene bead with a radius of 12.5 nm (a size approaching the single protein 
molecule) and InfA virion by employing a thermal-stabilized reference 
interferometer in conjunction with an ultrahigh-Q microcavity.  
Armani and Vahala [51] demonstrated the detection of a single species in a 
mixture of chemically similar molecules by employing a toroidal microcavity. 
D2O in H2O mixtures has been detected by employing a high Q resonator (Q = 
10
7
) and by monitoring the change of the Q factor value when the resonators is 
immersed in D2O rather than H2O. This way, concentrations of 1 part in 10
6
 per 
volume of D2O in H2O have been detected. By employing a silicon toroidal 
microcavity, the same Group [52] realized a highly specific and sensitive optical 
sensor based on an ultrahigh quality factor (Q > 10
8
) cavity. Label-free, single-
molecule detection of interleukin-2 was demonstrated in serum, with a dynamic 
range of about 10
12
 in concentration. A concentration of interleukin-2 ranging 
from 10
–19
 M to 10
–6
 M in solution has been indeed tested in order to evaluate the 
microtoroid dose response. 
The first experimental demonstration of a microsphere biosensor is reported by 
Vollmer et al. [53]. A 300 µm diameter silica glass spheroidal cavity with a Q 
factor of 2 × 10
6
 was indeed used to detect both non-specific binding of BSA and 
specific binding of streptavidin. The device response saturates for BSA 
concentrations as low as 20 nM, representing the upper limit of the dynamic 
range. By sensitizing the surface of a quartz microsphere by chemical 
modification, the adsorption of BSA on the surface has been demonstrated also by 
Arnold et al. [54].  
Sensors based on microspheres were also proposed for detecting protease enzyme 
[55], [56]. Hanumegowda et al. [55], proposed a biosensor based on a 100 µm 
radius sphere for the BSA/trypsin pair detection. After a primary attachment of 
BSA molecules to the sphere surface and the subsequent WGM spectral position 
shift, the interaction of BSA with trypsin gives rise to a cleaving operation of 
amino acids from the BSA, i.e. to a BSA etching, and to a shift of WGM 
resonance in the opposite direction. From the measurement of this shift, the 
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existence of proteolytic activity has been detected to be at the level of 10 pg/ml or 
10
−4
 Units/ml within 15 minutes which corresponds to the device LOD. 
Zhu et al. [56] proposed a 125 µm radius microsphere for thrombin detection. The 
sphere surface have been modified with anti-thrombin aptamer, which has 
excellent binding affinity and selectivity in order to detect thrombin levels in a 
buffered solution. A LOD of about 1 NIH Unit/mL*, corresponding roughly to 6 
nM has been experimentally demonstrated.  
Another important application of microsphere sensors is the detection of single 
beads such as NPs, proteins or viruses.  
Vollmer et al. [57] demonstrated label-free DNA quantification with a high 
sensitive device composed by two silica microspheres evanescently coupled to a 
common optical fiber. Measurements are realized by employing first a single 
sphere and then both. The binding on the sphere surface of polarizable DNA 
material gave rise to a detectable spectroscopic shift of the resonance with a limit 
mass loading of only 6 pg/mm
2
 of DNA material which corresponds to the device 
LOD. The signals from the two spheres allowed for a single nucleotide mismatch 
detection with a signal-to-noise ratio of 54 with the advantage of removal of 
common mode noise in experiments due to a differential measurements with the 
two spheres. 
Single-base-mismatched DNA was also detected by using 7.5 μm silica 
microspheres coated with dye labeled DNA probes [58]. The DNA targets were 5 
μM using lengths between 10 and 40 nucleotides. The same type of experiment 
was proposed also with polystyrene spheres with 1.5-20 μm diameters for testing 
BSA solutions, achieving a LOD of about 213 pg/mm
2
. 
Low detection limits of a few femtograms have also been demonstrated by 
employing silica microspheres in low-Q limit [59]. 
As microtoroidal resonators, also microspheres have been employed to detect 
large bio-particles, like bacteria and viruses, through simple adsorption effect 
[60], [61], [62]. Ren et al. [60] theoretically and experimentally investigated the 
detection of bacteria through a resonant microsphere. They model the bacterial 
cell of E.coli as a cylindrical cell with its axis aligned parallel to the surface of the 
cavity upon binding and they experimentally measured the shift of resonance 
*Units expressing the thrombin activity following the National Institute of Health standards 
- 48 - 
 
wavelength and broadening of line-width of the WGM propagating within the 
cavity induced by the adsorption. The detection limit of the setup has been 
estimated to be ~1.2 × 10
2
 E.coli/mm
2
, which corresponds to ~44 bacteria bound 
to the ~0.36 mm
2
 total area of the sphere. Also MS2 bacteriophage has been 
detected by employing a resonant cavity sensor based on a micro-sphere [61]. 
Keng et al. [61] indeed in their work propose an oblate spheroid to detect 
infectious agents as MS2 bacteriophage, i.e. a positive-sense single-stranded RNA 
virus infecting the Escherichia coli bacterium. A concentration of 10
9
 PFU/mL 
was sensed with a detection limit of 2 pg/mm
2
 for surface density.  
Single influenza A virus particle has been detected by using 50 μm silica 
microsphere [62]. The discrete change in frequency of whispering gallery modes 
(WGMs) propagating within the microsphere cavity when Influenza A virions 
bind to it has been observed. Both the virus size and mass have been identified. 
The proposed detection scheme is a classical one and it relies on the employment 
of a tunable laser whose output signal is guided in tapered optical fiber to excite a 
WGM along the microsphere equator by evanescent coupling. The transmitted 
light T is then collected by a photo-detector where dips are visible at the resonant 
wavelengths. 
 
 
Figure 4. (A) Microsphere and (B) microtoroid optical resonator.  
 
A silica microsphere biosensor functionalized with alkylsilane self-assembled 
monolayers (SAMs) and integrated in a microfluidic flow cell under laminar flow 
conditions has been also proposed to detected the adsorption of protein onto 
alkysilane [63]. Recognition elements are indeed needed for a specific detection 
goal when a complex sample such as blood plasma is employed as buffer solution. 
LIGHT IN 
LIGHT IN 
A B 
* PFU = plaque forming units. It is a measure of concentration used in virology. 
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Recently, a 200 μm diameter silica microsphere has been proposed [64] to study 
the behavior of fluorescent molecules embedded in biomaterials, in terms of 
photobleaching. 
Silica has been replaced by other materials as germanium [65], bismuth-silicate 
[66] or chalcogenide glass [67] to study physical phenomena useful to the 
environmental sensing. Ahmad et al. [67] investigated indeed a chalcogenide 
microsphere resonator for temperature sensing. 
Environmental sensing has been performed also by Lin et al. [68] that proposed a 
theoretical study concerning a polymer-coated silica microsphere resonator 
showed a refractive index detection limit of 2 × 10
-8
 in chemical vapor sensing. 
An advantage coming from this configuration is that the employed polymer 
(PMMA) has a thermo-optic coefficient which is opposite in sign to the one of 
silica, reducing this way temperature induced resonance drifts. 
Several mechanisms for sensitivity enhancement in WGM biosensing have been 
investigated recently. The Vollmer group [69], [70] demonstrated that sensitivity 
for single-molecule detection can be greatly improved by boosting the field 
intensity at the analyte binding site without reducing significantly the resonator Q-
factor value. The proposed method consists in suiting a hybrid photonic–
plasmonic mode produced by immobilizing gold nanoparticles within the 
evanescent field of a microsphere cavity. The WGM propagating along the 
equator of microsphere interact evanescently with a layer of Au NPs, thus exciting 
plasmon resonances at several sites in the layer. This way an array of intensity 
hotspots is generated. Its sensitivity is really high at the hotspots locations where 
proteins binding induces a resonance shift related to the Plasmon-coupled WGM 
wavelength. 
Despite their impressive sensing properties, microspheres suffers from 
reproducibility issues due to the procedure followed for their fabrication. They are 
indeed fabricated by melting the tip of a standard single mode fiber with a CO2 
laser and the controllability of their final dimensions is not well established. Thus 
a mass production of biosensors based on microresonant spheres is a challenge by 
now. 
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The same considerations are still valid for micro-torus structure where the torus 
realized with a CO2 laser reflow process is supported by a silicon pedestal. 
Technological steps to be followed for the fabrication of a toroidal microresonator 
are more complex than the one associated with a micro-sphere. The preliminary 
creation of a silica disk on the substrate (Si) by employing standard lithographic 
and etching techniques is followed by the employment of an isotropic XeF2 etch 
in order to undercut the silica pads. This way, a silica disk is suspended on a 
silicon pillar. A CO2 laser reflow process is then used to create the final toroidal 
structure having a high-Q value (>10
8
 in water and air) [48]. Recently an 
improvement in fabrication procedure has been achieved. A microtoroid has 
indeed been fabricated by deforming an optical microsphere in order to fabricate a 
high performance optical microdisk resonators [71]. The improved surface 
quality, the easy handling and alignment due to the flattened shape, makes this 
resonator a realistic candidate for the developing of a high performance integrated 
bio-photonic device. 
 
Table 3. 
Analyte Technology Radius 
Q-
factor 
LOD Ref. 
Cs SiO2 22 m 10
8
 Single atom [47] 
Interleukin-2 SiO2 40 m 10
8
 Single 
molecule 
[52] 
PS 
SiO2 - >10
8
 *R=30 nm [49] 
SiO2 - >10
8
 *R=12.5 nm [48] 
SiO2 50 m 10
6
 *R=140 nm [44] 
Inf A virion 
SiO2 - >10
8
 *R=50 nm [48] 
SiO2 50 m - 
Single 
binding  
[62] 
BSA 
SiO2 300 m 2x10
6
 - [53] 
PS 10 m - 213pg/mm2 [58] 
D2O SiO2 - 10
7
 - [51] 
Thrombin SiO2 125 m - 
1 NIH 
unit/mL 
[56] 
Trypsin SiO2 100 m - 10 pg/mL [46] 
DNA SiO2 200 m  6 pg/mm
2
 [57] 
Ammonia 
Polymer 
coated SiO2 
50 m - 2x10-8 [68] 
*R = radius of the single detected element. 
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A comparative analysis of label free optical resonant sensors highlights their 
capability to detect small amount of analyte in solution (of the order of few 
pg/mm
2
 in terms of mass LOD or 10
-8
 RIU in terms of RI LOD). Appreciable 
results have been obtained by employing planar configurations realized in silicon 
technology, despite their Q-factor value lower than the one of other WGMs based 
resonators. In order to bypass issues related to the integration of the resonant 
device with the fluidic platform designed to drive the testing solution toward the 
resonator, LCORRs have been proposed as more compact devices showing 
appreciable sensitivity values. Very high quality factor resonators such as 
microspheres or microtoroids have been demonstrated for the detection of the 
event of binding of a single molecule (a virus or a nanoparticle) to the resonator 
surface in label-free detection scheme with a LOD of few tens of nanometers in 
terms of radius of the detected particle (or virus, molecule or other).  
Despite their high potentialities, the market penetration of ultra-high-Q resonators 
is limited by several factors, including reproducibility, possibility of on-chip 
integration and thus portability.  
The obtained experimental results based on whispering gallery mode sensing 
provide, anyway, addressable challenges toward the employment of label free 
resonant devices for bio-chemical sensing. 
 
3.2 CAVITY DESIGN: DISCUSSION 
 
3.2.1 GUIDING STRUCTURE 
 
Silicon on insulator (SOI) technology is one of the most employed configuration 
for planar cavity realization.  
In SOI structures a strong light confinement can be realized and a single mode 
operation, i.e. only one guided mode for each polarization is supported by the 
guide, can be reached by employing a waveguide cross-section dimension in the 
nanometer range.  
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A multimode operation is indeed undesirable since it can cause effects such as 
intermodal dispersion or optical signal distortion that degrade waveguide 
performances.  
Other commonly employed materials for the realization of guiding structures in 
the field of biochemical sensing are polymers and Silicon compounds such as 
Silicon Nitride (SixNy) as mentioned in Section 3.1.1. 
Here we anyway will empathize SOI characteristics since this is the technology 
employed in the present study.  
Single-mode operation in waveguides depends on waveguide dimensions, 
polarization state of light (TE-like or TM-like mode), and refractive index of 
materials composing the waveguide. If we focus the attention on an SOI 
asymmetric waveguide composed by a Silicon wire located on a Silicon Oxide 
substrate, the dimensions of the wire (its width and height) are usually chosen by 
considering SOI wafers commercially available in terms of Si layer thickness, 
whose typical values are h = 200 nm, h = 220 nm, and h = 250 nm, and then by 
considering the achievement of a single-mode operation. 
Fixing the wire height, the mono-modality condition can be easily verified by 
employing a finite element method (FEM) based software or a beam propagation 
software. 
The mono-modality condition in this study has been verified for waveguide 
dimensions (w,h) = (450, 220), (480, 220), (500, 220)nm by assuming a refractive 
index value of 3.48 for the guiding layer (Si) and 1.44 for the substrate (SiO2) at 
the incident wavelength of 1550 nm for both TE and TM polarized light. 
Beyond the mono-modality condition, an important figure of merit to be 
considered in integrated optics biological sensing is the waveguide molecular 
sensitivity, defined as [72] 
 



eff
mol
opt
n
S
D
 (1) 
 
This is properly a figure characterizing guided mode molecular sensors and 
accounts for the dependence of the sensor response on the refractive index and 
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thickness of the add-layer bound to the waveguide surface (see Chapter 2). Dopt is 
a term known as optical thickness and it is defined as the product of the index of 
refraction and the thickness of the molecular layer adsorbed onto the device 
surface. As an example, for a quasi-TE mode propagating within a waveguide, 
molecular sensitivity data are reported in Table 4.  
 
Table 4. 
WAVEGUIDE WIDTH [nm] 
MOLECULAR 
SENSITIVITY [pm
-1
] 
450 1.739 
480 1.652 
500 1.481 
 
According to the specific application, the cross-section of the Si wire could be 
selected by considering the molecular sensitivity of the waveguide. Data of Table 
4 have been collected for a molecular layer thickness of 10 nm and refractive 
index of 1.45 RIU and for an SOI waveguide having a 220 nm height. 
 
3.2.2 COUPLER SECTION  
 
One of the most important step in the design of a cavity is related to the study of 
the coupler section in order to control the amount of energy transferred from the 
input guiding structure (a fiber or a waveguide) to the ring structure considered in 
its general acceptation.  
An appropriate choice of the coupling parameters enables indeed the achievement 
of the desired Q-factor and ER within the cavity.  
As reported in Section 3.1.1, coupling schemes employed so far are based on a 
vertical or lateral coupling. Peculiarities of both the approaches are related to 
fabrication steps. In vertical coupling, the exposure of the waveguide to surface 
treatments is prevented and the coupling gap is optimized by easily control the 
waveguide-ring gap. On the other side, anyway, multiple and complicated 
fabrication steps are required. Laterally side-coupled approach instead suffers 
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from low fabrication tolerance errors in defining fine waveguide-resonator gap 
with the advantage, anyway, of employing a reduced number of fabrication steps. 
When a cavity based on microsphere configuration needs to be excited, instead, a 
moving stage allows to place a tapered fiber close to the equator of the sphere 
where fundamental modes are confined [73]. 
Despite the different approaches, evanescent coupling techniques (i.e. fiber based 
and waveguide based) should satisfy three fundamental conditions: 
 a spatial overlap between the evanescent field decaying outside the 
waveguide core and the mode in the resonator should exist; 
 the wavelength (frequency) of the exciting mode should be resonant with 
a target WGM of the resonator; 
 a phase matching between the resonator mode and the waveguide mode 
should exist. 
The strength of coupling is also determined by the interaction length between the 
resonator and the waveguide. 
This can be easily controlled by employing a resonator in racetrack configuration. 
The racetrack is an extension of ring structure and it is composed by two 
directional couplers interconnected via two half portions of ring, as depicted in 
Fig. 5.  
 
 
Figure 5. Racetrack configuration 
 
 
LIGHT IN 
COUPLER 
SECTION 
COUPLER 
SECTION 
LIGHT OUT 
LIGHT OUT 
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The length of cavity Lcav is given by the sum of the length of the two rectilinear 
tracts and the ring circumference, while the amount of tolerable phase mismatch is 
inversely related to the coupling (or interaction) length Lc. The phase mismatch is 
indeed zero when the coupling length equals the beat length Lbeat. The beat length 
or cross over length expression is: 
 
2




beatL  (2) 
 
and it corresponds to that length z travelled by light that allows power to be totally 
transferred from one to the other waveguide of the directional coupler. β is the 
propagation constant and its gradient accounts for β of the two waveguides 
composing the directional coupler and could be calculated by employing a FEM 
based software. 
The Ey mode profile for a quasi- TE mode propagating in an SOI waveguide in air 
in depicted in Fig. 6 (A), while in Fig. 6 (B) the modal profile at the coupler 
section. 
 
(A) 
 
                               (B) 
Figure 6. Mode profile at the input waveguide (A) and at the coupler section (B). 
 
Analytically, the total transfer of power corresponds to: 
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2 *2
1
sin ( ) 1

 
beat
beat
z L
P
k L
P
 (3) 
 
where k* is the coupling per length and it is expressed in [μm-1]. This condition of 
total transfer of power is satisfied if k*Lbeat = π/2 or equivalently: 
 
*
2


beat
k
L
 (4) 
 
For a generic amount of power transfer, another figure can be introduced. It is the 
coupling efficiency K: 
 
2 *2
1
0 sin ( ) 1

   
c
c
z L
P
K k L
P
 (5) 
The term Lc is the coupling length associated with a fixed efficiency K, that 
means: 
 
1
*
sin ( )
c
K
L
k
 (6) 
 
In Fig. 7, the coupling efficiency trend versus the coupling length is plotted for 
different coupling gap values for a Si wire cross-section of (450, 220) nm.  
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Figure 7. Coupling efficiency curves as function of coupling length and coupler 
gap. Data have been plotted by assuming an SOI technology in Si wire 
configuration, with wire dimensions (w, h) = (450, 220) nm. 
 
A precise control of the coupling efficiency can be obtained by employing a 
racetrack configuration through the manipulation of the length of the straight 
section. Although, to increase the straight section length implies a reduction of 
cavity FSR that could be detrimental for biosensing application. Since FSR is 
dependent on Lcav, a possible way to overcome this issue is to increase the 
curvature of bend section, i.e. to reduce the ring radius. This way bending loss 
increases and the resonator could experience a strong reduction of its quality 
factor due to radiation loss.  
Also, an excessive reduction of racetrack radius gives rise to a modal mismatch 
between the straight and the bent portions of the cavity that could anyway be 
controlled by introducing a geometrical off-set at the connection side. 
 
The description of coupling so far presented is related to the application of the 
Coupled Mode Theory (CMT) in the space domain. The same approach can be 
employed for classical ring resonators [74]. For more details, see Appendix 1. 
An additive coupling regime analysis can be developed in the time domain [75], 
[76]. 
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Here we briefly present the fundamentals of the Coupled Mode Theory in the time 
domain since a similar analysis will be performed later in Chapter 5 by taking in 
consideration this classical theory. 
 
3.2.2.1 MODAL COUPLING IN TIME DOMAIN 
 
Usually the theoretical investigation of the coupling between a mode and a 
travelling wave resonator is described by employing the model of a RLC circuit or 
a spring-mass –damper system, i.e. through a second order differential equation. 
By following a rigorous formalism, indeed, this second order differential equation 
can be solved by obtaining two first order uncoupled differential equations 
associated with the positive and negative frequency component of the mode 
amplitude, that are conjugate. Due to this relation, only the positive frequency 
component a+ of the mode amplitude can be employed to fully describe the 
system. It will be indicated as a in the following and it is normalized so that its 
squared magnitude coincides with the energy W in the system (i.e. the resonator): 
 
2
a W  (7) 
 
The temporal response of the isolated system could be written as: 
 
0
0
1


 
  
 
da
i a
dt
 
(8) 
 
In Eqn. (8), i is the imaginary unit, ω0 is the mode frequency according to the 
dependence exp(iω0t) and 1/η0 is the mode decay rate due to loss with dependence 
exp(-t/η0). This loss is usually indicated as internal loss and defines the resonator 
inverse unloaded or internal quality factor Q0 though the formula 
 
0 0 0
1 2
 

Q
 (9) 
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3.2.2.1.1 RESONATOR-WAVEGUIDE COUPLING 
 
When the resonator is coupled to an external waveguide, some phenomena has to 
be considered. Two degenerate traveling wave modes, i.e. propagating at the same 
frequency but in opposite direction, i.e. a clockwise (CW) aCW and 
counterclockwise (CCW) aCCW mode, coexist within the resonator. If a source of 
light is propagating within the waveguide in forward direction that we assume to 
be the same of the CW mode of the resonator, the coupling between the forward 
and the CW mode can occur with a rate k.  
 
 
Figure 8. Schematic of the coupling between a single waveguide and a WGM 
based resonator. 
 
A strong phase mismatch exists between the forward mode of the waveguide 
indicated as a and the CCW mode of the resonator and their coupling rate is so 
weak to be considered negligible. In the coupling region, indeed, they propagates 
in opposite direction. 
Thus, the time-domain coupling (in the 1
st
 order approximation) can be expressed 
through the following set of equations: 
 
0
0
1 1

 
 
    
 e
da
i a ku
dt
 (10) 
* y u k a
 
(11) 
COUPLER 
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y u 
aCW 
a
CCW
 ω0 
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0
1 2
 

e eQ
 (12) 
 
where y is the system output; 1/ηe is the mode decay rate due to the external loss 
associated with the resonator-waveguide coupling and defining the external 
quality factor Qe; k is the resonator-source coupling rate which is dependent on 
the time constant ηe: 
 
2


e
k  (13) 
 
Solving the first order differential equation in frequency domain in steady state 
regime, assuming an exp(iωt) dependence for the input signal u, the mode 
amplitude is: 
 
0
( )
( )
1 1



 

  
e
ku
a
i
 
(14) 
 
Where 
 
0      (15) 
 
Thus, the system transfer function T=|y/u|
2
 is: 
 
2
2
1
1


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 
l
k
T
i
 (16) 
 
That could be written as function of the cavity quality factor Ql (l stands for 
loaded) which is usually indicated simply as Q: 
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(18) 
 
3.2.2.1.2 INTERNAL MODAL COUPLING 
 
When a perturbation occurs along light path, the two degenerate CW and CCW 
modes propagating within the resonator could couple each-other. The 
orthogonality condition, indeed, inherits the possibility for CW and CCW modes 
to exchange energy each-other. The perturbation could be due to the presence of 
roughness on the resonator sidewall or to the presence of any kind of defect 
inducing scattering of light within the cavity. If this cavity modes inter-coupling 
happens, the CW and CCW mode amplitude is described by the following set of 
equations: 
 
0
0
1 1CW
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i a iga ku
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
 
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(19.b) 
 
By solving Equations (19) in steady state regime, the following expressions are 
found: 
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(20) 
 
Consequently, the system output y and the system transfer function T expressions 
are: 
 
2
1 1
2 21
1 1
( ) ( )
l l
y u k
i g i g 
 
  
  
    
     
                 
 
(21) 
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If compared with Eqn. (16), the system transfer function identified by Eqn. (22) 
clearly demonstrates that two distinct dips now exist instead of a single resonance. 
This phenomenon is known as resonance mode splitting and it visible in the 
resonator spectrum as a doublet centered around the ω0 frequency (characterizing 
the resonator in absence of inter-modal coupling), and shifted of a quantity |g| 
with respect to ω0. That means that the splitting doublet should appear as 
symmetric with respect to the ω0 frequency (see Fig. 9).  
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Figure 9. (Dotted line) Resonance dip in absence of inter-modal coupling. 
(Continuous line) Splitting doublet symmetrically shifted of |g| from the central 
wavelength λ0. 
 
To solve the state equation of Equations (19), a matrix form has been employed: 
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(23) 
 
Where g and g* are the inter-mode coupling rate and its conjugate, respectively; ηl 
is the total mode decay rate within the cavity as indicated in Eqn. (18), and F is 
the characteristic matrix of Eqn. (21). Its eigenvalues are calculated from the 
characteristic equation det(F-λI) = 0 where I is the identity matrix: 
 
1 0
2
1
 

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l
i i g  (24) 
 
While the eigenvectors are: 
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Equation (23) can now be written by introducing two new variables, A+ and A-:  
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in order to obtain a set of uncoupled equations: 
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Where the A+ and A- represent the amplitude of two modes not coupled each-other 
as resulting from the value (null) of the off-diagonal elements. 
Their phase variation is no more depending on an exponential term, but on a 
cosine and sine term for the A+ and A-, respectively, conferring them a standing 
wave (SW) nature in contrast to the travelling wave (TW) nature of the native 
uncoupled aCW and aCCW modes. 
These generated standing wave modes could anyway be characterized by a 
different intrinsic lifetime, i.e. they could have different quality factors and so a 
different line-width. 
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In Chapter 5 we will investigate this splitting doublet arising from the CW and 
CCW cavity modes coupling and we will show that a more realistic prediction of 
cavity transmission spectrum in presence of a perturbative source can be given by 
employing quantum electrodynamics (QED) theory. The modal splitting also will 
have not a symmetric behavior with respect to the unperturbed resonance. This 
concept is depicted in Fig. 10 where a fixed splitting strength has been assumed to 
characterize different cavities (everyone identified by a Q-factor value). 
 
 
Figure 10. Asymmetric splitting of resonance wavelength. Every resonance is 
characterized by a different life-time. 
 
3.2.3 LOSS SOURCES 
 
3.2.3.1 INTERNAL LOSS 
 
Internal losses are also indicated as propagation losses and they account for the 
loss experienced by the resonator in absence of an external load (i.e. not in a 
coupling regime). The internal Q-factor defined in Eqn. (9) accounts for these 
losses.  
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3.2.3.2 BENDING OR RADIATION LOSS 
 
As the name suggest, these losses affect bent waveguides since light propagating 
within them experiences a shift of the mode toward the outer edge of the 
waveguide. This could induce either a mode radiation, or an enhancement of 
losses due to increased interaction of the mode with the sidewall surface 
roughness, or reflections due to phase mismatch between the mode in the bend 
waveguide and the one in the straight section of the coupler. 
Bending losses αr are usually described as having a simple exponential 
dependence on the bend radius R [77]: 
 
  kRr Ce  (28) 
 
Where C depends on optical and geometrical waveguide characteristics, i.e. the 
thickness and refractive index of the waveguide core and the cladding, while k 
depends on the modal effective index neff and propagation constant β. The 
exponential decay behavior of bending loss leads to the calculation of the critical 
radius, i.e. the bent radius for which the loss trend reaches its linear regime value. 
For a TE-like polarized mode and an SOI strip waveguide with a (500, 220) nm 
cross-section, the critical radius value has been calculated to be 3μm with bending 
loss corresponding to 0.16 dB/cm as reported in Table 5. Obtained data are in 
good correspondence with experimentally measured values reported in literature. 
 
Table 5. 
R [μm] 
Bending Losses 
[dB/cm] 
Bending losses per round trip 
[dB] 
3 0.16391 3.0896e-4 
5 0.046958 1.4752e-4 
10 0.004598 2.889e-5 
 
Data have been calculated by employing a commercial mode solver and do not 
account for surface sidewall roughness. 
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3.2.3.3 MODAL MISMATCH LOSS 
 
This loss is due to the mode mismatch at the transition between the straight and 
curved section of a racetrack resonator and could be minimized by employing a 
junction offset. It is function of the bending radius of the curved section. When 
indeed the bending radius decreases below a certain value corresponding usually 
to the resonator critical radius, the modal mismatch at the junctions between the 
straight and curved waveguide becomes the dominant loss mechanism in the 
cavity. To avoid this loss, classical circular-shaped rings with no straight sections 
should be used if the goal is to realize resonators having a really small footprint. 
 
3.2.4 NOISE SOURCES 
 
Several noise sources are encountered when the designed cavity is experimentally 
tested, including photodetector noise and light source intensity fluctuation in the 
bandwidth range of interest. Usually these phenomena are well described by 
assuming white noise acting on the system. 
An additional noise source for optical resonator based biosensor is the 
temperature fluctuation since it leads to a random variation of the resonant 
wavelength. This phenomenon can be alleviated by taking into account the 
thermo-optic properties of the sensor. It is possible to estimate the device 
capability of stabilizing or compensating the temperature fluctuation according to 
the formula [78]: 
 
 
   
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T sys
dev
dn
n T
dT
 (29) 
 
Where ΔnT expresses the refractive index resolution limited by temperature noise, 
dn/dT is the thermo-optic coefficient of the material constituent the cavity and 
ΔTsys is the average value of temperature fluctuation when a 
compensation/stabilization scheme is employed. In order to reduce the ΔnT value, 
different approaches could be adopted.  
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It is possible to provide a compensation for the temperature variations of the 
system ΔTsys by placing a reference channel in close proximity to the sensor 
device. As emphasized by Hu et al. [78], the main requirement and also lack of 
this technique is that the reference channel and the sensor device should have at 
the same time identical thermo-optic characteristics and a distinctive response to 
the analyte solution, which is quite difficult to be realized. An additional way to 
reduce the sensor temperature dependence relies on reducing the thermo-optic 
coefficient dn/dT. That means to choose a technology for the resonator fabrication 
relying on a dielectric material with low thermo-optic coefficients placed over 
semiconductors for compensation. Most dielectric materials have a positive 
thermo-optic coefficient ranging from of 10
-6
 to 10
-4
 K
-1 
that could be 
compensated by embedding the dielectric in a negative thermo-optic coefficient 
material such as a polymer [79]. Also water has a negative thermo-optic 
coefficient of -10
-4
 K
-1 
and thus sensors working in an aqueous environment result 
to be insensitive to temperature fluctuations. Otherwise, a combination of 
materials having thermo-optics coefficients with opposite signs should be 
employed to realize an athermal design of the sensor. When operating in water, 
anyway, the dielectric material chosen for the sensor design should keep high 
optical confinement in the interrogation volume, i.e. a high RI sensitivity. 
 
3.3 CONCLUSIONS 
 
An overview of WGMs based bio-chemical sensors has been presented. Planar 
configurations, optofluidic resonators, microspheres and microtoroids resonant 
cavities have been investigated in terms of performances. Advantages and 
disadvantages of the different analyzed configuration have been pointed out. Then 
issues concerning the design of a cavity to be employed for biosensing purposes 
have been also discussed. Some expedients useful to improve biosensor 
performances have been described, including an opportune choice of the resonator 
geometry and technology in order to overcome issues related to bending loss, 
thermal noise and other. 
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Chapter 4. 
NANOPARTICLES 
DETECTION 
 
 
 
 
 
Bio-chemical sensors, according to the IUPAC definition, are a class of sensors 
suited not only for detection of biological analytes, but also for chemical sensing 
purposes including nanoparticles detection. There particles are so called since 
they have at least one dimension equal or even smaller than 0.1 micrometer. 
Due to several processes, natural and industrial, fine and ultrafine particles 
production is increasing more and more and the research area concerning these 
particles detection and sizing is assuming a big relevance in bio-sensing field. 
Several sectors of civil industry, indeed, ranging from pharmaceutical to 
environmental to alimentary one, are conditioned by nanoparticles (NPs) in a 
positive and negative meaning. 
NPs results to be really attractive in pharmaceutical industry since their relatively 
large (functional) surface can be suited to bind, adsorb and carry other compounds 
such as drugs, probes and proteins [1]. 
Despite their employment as delivery systems, they also can act as dangerous 
factors for human health. Thus, a figure called therapeutic ratio (or index) 
expressing the margin between the dose needed for clinical purpose and the dose 
inducing adverse side effects on human health should be considered when NPs are 
forced to enter human body for therapeutic purposes. 
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Majority of data concerning the biological behavior and toxicity of NPs are 
related to the unintended release of NPs by combustion and the subsequent 
inhalation by humans. 
In these studies, it has been demonstrated that NPs show a higher ability to enter, 
translocate within and damage living organisms than microparticles; their small 
size allows them to penetrate physiological barriers and travel within the 
circulatory and lymphatic system of a host, reaching tissues and organs and 
potentially disrupting cellular processes and causing disease [2].  
Their nature, i.e. chemical composition, is different and it is modifying with 
technological advancement giving rise also to a change of character of the 
particulate pollution.  
Some studies showed a strong dependence between particulate air pollution levels 
and diseases interesting not only the respiratory apparatus, but also the 
cardiovascular one [1], [3]. 
Nanoparticles potential toxicity depends on different factors that should be 
considered not separately, including NPs nature, size, exposure time the body is 
subjected to, in-vivo accumulation and bioactivity [4]. 
When referring to particulate air pollution, usually nanoparticles are termed fine 
and ultrafine particles or dusts.  
In next figure, most common tiny nanoparticles are reported with their 
characteristic size. 
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Figure 1. Common NPs classified by nature and size. 
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As previously mentioned, several studies have been carried out to detect and size 
nanoparticles in order to reduce the risk associated with their toxicity. The 
development of NPs sensing techniques and sensors could also give an additional 
benefit related to the environmental monitoring in terms not only of pollutant 
agents, but also hazardous agents used in bioterrorism, such as chemical 
compounds or virus [5]. 
Thus, when referring to NP sensing, all elements having a size comparable to the 
one of NPs are included in the detection problem and the investigation field 
extends to virus, molecules, fine and ultrafine dusts and so on.  
For these different reasons, several techniques aimed to detect a single 
nanoparticle (in the explained acceptation) have been experimented in terms of 
mass, shape, refractive index and size identification. 
A brief description of the most relevant detection methods is here introduced. 
They are based on the electrical, mechanical or optical transduction method.  
 
4.1 MECHANICAL DETECTION 
 
Since the mechanical response of a micro-cantilever or a string [6] can be altered 
by the absorption of a nanoparticle on its surface, these configurations have been 
employed as single nanoparticle detectors in terms of mass sensors.  
Micro-cantilevers sensing principle is based on the measurement of the change of 
deflection or on the resonant frequency shifts that occur when an additional mass, 
i.e. a nanoparticle absorbed or binding to the surface, perturbs the static 
equilibrium of the system [7].  
One of the earliest work concerning the use of a cantilever as mass sensors was 
developed about two decades ago [8], when it was demonstrated the detection of a 
10 m diameter latex bead in terms of mass by employing a silicon dioxide 
cantilever that exhibited a minimum detectable mass of approximately 0.2 ng. 
Detection of pathogens, such as bacteria and viruses [9], [10], has also been 
reported by employing cantilevers. All the experiments were conducted in air 
since the large damping in liquid associated with viscous effects, and so the 
resulting decrease in the quality factor value, gives rise to significant errors in the 
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prediction of the resonant frequency shift, whose value is related to the mass 
sensitivity according to the formula m  (1/(f)). A comparison between 
cantilever mass sensor performances in air and water is presented in [11] where a 
minimum of 2 Bacillus anthracis Sterne spores have been detected with an added 
mass on cantilever of few hundreds of femtograms. As demonstrated in the same 
work, the magnitude of the minimum detectable mass degrades of about three 
orders if measurements are conducted in water. 
 
4.2 ELECTRICAL DETECTION 
 
Electrochemical sensors operating in potentiometric or amperometric way are one 
of the mostly employed platforms for NPs and influenza virus detection [12]. 
Their working principle depends on the nature of the suited electrodes which act 
themselves as sensing layers. In general, electrochemical sensing relies on the 
monitoring of the change of conductance or capacitance on a local sensing 
element induced by the presence of NPs.  
Nanowire based field effect transistor devices are one of the common platforms 
employed for single NP detection. By suiting this configuration, Patolsky et al. 
demonstrated [13] the detection of Influenza A virus and paramyxo-virus in a 
buffer solution by opportunely functionalizing the nanowire surface with specific 
antibodies. 
The working principle relies on a variation of conductance affecting the device: if 
a virus particle binds to the antibody receptor on the surface of the nanowire, then 
the conductance of that device should change from its baseline value and it should 
return to the baseline value when the virus unbinds. Also a second nanowire 
serving as internal control has been employed in the configuration proposed in 
[13]. The “operative” and the “reference” nanowires have been then embedded in 
a microfluidic channel for sample delivery.  
An alternative approach to the nanowire based field effect devices relies on 
probing the change of impedance occurring across a nanoscale aperture, i.e. a 
channel. When a NP having different electrical properties than the solution it is 
flowing within passes through a channel, the impedance along the channel is 
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perturbed. By measuring this impedance change across the channel, single 
polystyrene NPs having a diameter down to 50 nm and T7 bacteriophage viruses 
in different solutions have been detected and sized in a high-throughput 
microfluidic device [14]. The advantage of very rapid and high-throughput 
detection characterizing this technique is anyway obscured by the technical 
impossibility of suiting an affinity-specific detection protocol and this could 
inhibit the technique from being a candidate for clinical biosensing studies.  
 
4.3 OPTICAL DETECTION 
 
4.3.1 WGM BASED NP DETECTION  
 
Nanoparticles optical detection protocols proposed so far are based on both 
integrated and discrete optics. The employment of resonant cavities supporting 
Whispering Gallery Modes is one of the promising techniques for the realization 
of compact, reliable and portable devices to be employed in civil and military 
environment for NP detection [14], [15], [16], [17], [18], but also sizing [16], 
[17], [18], [19], [20], [21], sorting [23], [24] and optical [25].  
The pioneering works on WGM based biosensors are the ones of Armani et. al 
[15] and Vollmer et. al. [16] that demonstrated label free single NP detection. In 
[16] the discrete change in frequency of whispering gallery modes (WGMs) 
propagating within a microsphere cavity when Influenza A virions bind to it has 
been observed. Measurements have been conducted by employing polystyrene 
nanoparticles having a size similar to the one of viruses (500nm), and a 
„„reactive‟‟ perturbation of the resonant photon state has been demonstrated. 
Label-free detection of individual viral-sized nanoparticles in aqueous solution 
has also been experimentally demonstrated [17] for the monitoring in real-time of 
binding events between 36 nm radius NPs and a WGM biosensor. 
A lower LOD value has been reached in [18] where an ultrahigh-Q microcavity in 
conjunction with a thermal-stabilized reference interferometer has been employed 
for nanoparticle and virus detection. A LOD of 12.5 nm in terms of minimum 
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detectable radius has been reached by resolving the shift caused by the binding of 
individual nano-beads in solution. 
Brownian motion of particles in the evanescent field near the surface of a 
microsphere has also been investigated and the Stokes-Einstein relation has been 
employed to describe NPs diffusion coefficient and determine their diameter [19]. 
Brownian motion, indeed, has a big relevance in the resonance wavelength 
fluctuations of a WGM and could be suited for studying the dynamics of 
nanoparticles near interfaces as demonstrated in the same work. 
The event of binding of a NP to a high Q-factor cavity has not only been 
examined in terms of shift of the resonant wavelength due to an increase in the 
optical path followed by light within the resonator, but also in terms of modal 
splitting [20-21] affecting WGMs at resonance. When indeed a NP binds to the 
resonator, it perturbs the light propagating within the cavity leading to the 
coupling between the two degenerate counter-propagating modes existing within 
the cavity. This phenomenon is visible in resonator transmission spectrum as a 
splitting doublet. The separation distance between the dips of the doublet and their 
line width concur to the determination of NP size. An a priori knowledge of NP 
refractive index is anyway required in order to calculate NP size in terms of 
radius. The theoretical model concerning NP detection and sizing employed in 
[20-21] is discussed in Chapter 5.  
Dielectric NPs or biological elements such as virus have been investigated in the 
studies described so far where a resonant wavelength redshift has been observed. 
Studies concerning also metal NPs detection have been proposed.  
Nanoparticles detection has also been investigated by employing a “hurricane” 
geometry, i.e. a disk resonator with input and output waveguides penetrating its 
walls tangentially to the surface [22]. A reflection mode-sensing has been suited 
in this study according to the nature (gold) of the testing NPs. This sensing mode 
relies on the buid-up of the intensity of backward propagating modes due to the 
reflection of the incident light from gold NP. An atomic force microscope has 
been employed to emulate the gold NP which ideally corresponds to the taggant 
attached to the analyta molecule to be investigated. 
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In [23] the binding of a gold NP to a microring in air gave rise to a blue shift in 
the resonance wavelength. This behavior has been explained to be the result of the 
value assumed by the real and imaginary part of the refractive index of native 
gold. It has indeed a value of the RI real component lower than unity , while a 
bigger value of the imaginary component. This way, information concerning the 
nature of the NP can be extrapolated by observing the direction of the resonant 
wavelength shift. A differentiation between dielectric NPs and gold NPs is thus 
possible. On the basis of this result, in [24] a notched ring resonator has been 
proposed for NPs sorting. A structural defect within the cavity, i.e. a 100 nm 
notch, has been fabricated by e-beam lithography and then etching. The NPs 
binding event has been simulated by placing the tip of an atomic force microscope 
(AFM) within the notch and it has been observed that the pre-existing split 
resonance (due to the presence of the notch) has been red or blue shifted as 
function of NP composition, but also broadened.  
 
 
HURRICANE RING RESONATOR 
 
NOTCH RING RESONATOR 
 
 
SPHERICAL RING RESONATOR 
 
 
THOROIDAL RING RESONATOR 
 
Figure 2. Schematics of optical cavities employed for NPs detection. 
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4.3.2 MICROSCOPY BASED NP DETECTION 
 
Several microscopic techniques for NPs detection have been investigated, 
including interferometric, absorption and surface plasmon resonance microscopy 
(SPRM).  
The latter, also known as SPR imaging (SPRI), couples the capabilities of sensing 
related to the SPR with the spatial capabilities of an optical detection system. The 
employment indeed of a glass substrate having the top side covered by a thin 
metal layer and the excitation of plasmonic resonances on the metal layer surface 
through a light beam impinging on it enables the reflection of light which is 
collected by a CCD camera, and whose intensity is dependent on the resonant 
condition which is in turn dependent on the local refractive index change induced 
by the binding of a NP (or a molecule) to the surface. Most commonly used 
metals are gold and silver, but also aluminum and copper may be suitable in 
SPRM.  
Recently, real time detection of nanoparticles and viruses has been demonstrated 
[25], [27] by employing SPRM. By studying the locally altered reflections from a 
SPR surface due to the binding of NPs, Zybin et al. [25] demonstrated the 
detection of polystyrene NPs with sizes between 3μm and 40nm and single virus 
detection, obtaining a signal to noise ratio of 4 for 40 nm PS nanoparticles. In this 
study, HIV-VLPs (HIV-virus like particles) have been employed in order to 
emulate the presence of viruses since they are similar in size, morphology and 
conformation to the intact viruses, but they are not virulent. Also in [27], single 
dielectric NPs (silica) and viruses (H1N1) in solution have been detected. 
Properly, it has been demonstrated that the intensity of the particle image is 
proportional to the mass of the particle and thus it has been determined the mass 
and the mass distribution of influenza viral particles. A detection limit of 0.2 
fg/mm
2
 has been achieved in terms of mass per unit area or equivalently the 
detection of the binding event of a single NP having a mass as small as 1 ag 
(which is the mass detection limit) on the sensing area. In terms of size, the 
detection limit is close to 100 nm (diameter) for silica NPs and viruses, with σ = 
0.1. The sensitivity of SPRM could be enhanced by employing nano-antennas 
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rather than a uniform metal layer to excite SPR. This way a stronger interaction 
light-matter, i.e. between light and NPs, can be achieved since plasmonic waves 
are localized in highly sensitive regions termed “hot spots” as demonstrated in 
[28] where a single gold NP with a 5 nm radius has been trapped via a plasmonic 
dipole antenna.  
The above mentioned studies thus demonstrate the suitability of SPRM for single 
nano-sized object detection , such as a virus or a NP.  
A different approach employed for microscopy based NPs detection relies on 
absorption microscopy. This technique is widely employed for very small 
particles detection and suites existing relation between the efficiency of 
absorption of a NP (identified through its absorption cross section ζabs) and its 
size. Although the simplest way to optically detect metal NPs is via the light they 
scatter, this approach is less sensitive for very small particles than absorption-
based detection methods due to the dependences [29]: 
 
4
2 6
6
 

 sca
k
R  (1) 
  3Im  abs k R  (2) 
 
that are valid for spherical particles in the limit of “particles small compared to the 
wavelength”. Here α is the NP polarizability, R the NP radius and k the wave-
vector. The dependence of scattered light intensity from the sixth-power of NP 
size, indeed, hinders the detection of very small NPs.  
Two different schemes could be suited for absorption detection, i.e. the direct 
absorption and the transient absorption. For really small NPs, the direct detection 
of the light they absorb is evaluated as variation in the transmitted light intensity, 
which is very small and which can be detected only if this variation is 
contemporary larger than the laser intensity fluctuation and the photon noise. 
Arbouet et al. [30] overcame this issues by employing a far-field optical technique 
based on modulation of the position of a gold NP in order to detect a single gold 
nanoparticle with average diameter down to 5 nm.  
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In transient absorption microscopy, a change of absorbance is monitored. The 
object to be imaged (a metal NP or a biological element) is resonantly excited 
through a pump laser and then a probe detects this absorbance change. Properly, 
the output beam of a laser is split in two components in order to get a pump and a 
probe beam. Through an optical setup composed by translation stages and mirrors, 
both the beams are focused on the object space via a high NA objective. By 
spatially and temporally overlapping the pump and probe beams to the sample, it 
is detected a change in the transmission of the probe induced by the pump. 
Usually, the beam with higher frequency is used as pump and the one with lower 
frequency as probe in the imaging of molecules or semiconductors. Near-infrared 
light is instead used to excite metals [31]. 
Photothermal detection is an additive method employed for the detection of 
absorbing nano-objects. The increasing of temperature induced in objects by the 
light absorption phenomenon leads to a local variation of refractive index that can 
be monitored in order to detect NPs. By employing a really sensitive photothermal 
method, Berciaud et al. [32] detected individual gold nanoparticles as small as 1.4 
nm in diameter. They indeed introduced the photothermal heterodine imaging 
(PHI) which actually is one of the most widely used absorption based techniques 
in nano-science. Small heat capacities and large temperature dependent refractive 
index are the requisites that the environment surrounding the NP to be detected 
should satisfy in order to obtain a strong signal. In PHI experiments, for example, 
water is not a good candidate due to its thermal properties. Individual nanocrystals 
[32] and DNA micro-arrays based on Au NPs [33] have been also detected via 
PHI. With this technique, a background-free image can be obtained since no 
signal is produced by background if non-absorbing. Another widely employed 
microscopy technique is the interferometric microscopy which relies on the 
interferometric detection of the field scattered by the interest object (NP). The 
substrate, usually a glass slide, on which the specimen is located is usually 
illuminated with a coherent or incoherent light source (i.e. a laser or an LED, 
respectively ); the interference of the scattered light from NPs and the reference 
light originated from the substrate is then collected and measured via a detector 
(i.e. a photodiode or CCD). This way, the intensity of light at the detector is not 
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dependent on NP scattering cross section, i.e. on the 6
th
 power of NP radius, but 
on the interference signal which is in turn dependent on the 3
rd
 power of NP 
radius.  
With no interference, the intensity of light at the detector is:  
 
2 2
det  sca scaI E  (3) 
 
While, in an interferometric based detection microscopy: 
 
 (4) 
 
where the first term on the right of Eqn. (4) is a background term, the second is a 
pure scattering term and the last one is the interference contribution.  is the phase 
difference between the reference and the scattered field. 
According to NP size, the second or the third term could be dominant in Eqn. (4). 
For small size NPs, the interference term is more important than the scattering 
one. As the absorption microscopy, indeed, the interference based microscopy 
circumvents the problem of detecting small size NPs by relaxing the dependence 
of the intensity at the detector Idet on NP size of 3 orders of magnitude.  
Jacobsen et al. [34] demonstrated both confocal and wide-field detection of 
nanoparticles in aqueous environment in an interferometric detection scheme. The 
imaging of single gold nanoparticles with a diameter as small as 5 nm has been 
indeed realized with a detection speed up to 2 μs. Another important goal 
achieved in the above mentioned work related to particles tracking is the 
capability to distinguish the signal of the gold nanoparticle from that of other 
scatterers contained in the sample. The demonstration of wide-field imaging 
allows the simultaneous observation of several objects within large areas and is 
really useful in biological investigations. It anyway suffers from some noise 
sources, i.e. laser noise and spatial irregularities on the interface that both lead to 
artefacts in the final image. In their work, Jacobsen et al. [34] circumvented this 
2 2 2
det 2 cos    ref sca ref sca ref scaI E E E E E E
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issue through numerical post-processing of the image and they also worked at the 
plasmonic resonance to enhance NPs contrast. 
A way to overcome the issue of laser noise has been proposed by Ignatovich et al. 
[35] that included a Michelson-like interferometer in the beam path in order to 
separately pilot the reference field and the one scattered from the NP and , at the 
same time, keeping the first one larger than the second. The method is not very 
sensitive to laser intensity noise and result to be background-free due to the self-
referencing scheme introduced by the Michelson-like interferometer. The 
detection of single gold NP with size down to 14 nm and PS beads with size down 
to 30 nm have been demonstrated. 
An additional microscopy technique based on the interferometric detection of 
scattered light has been proposed by Özkumur et al. [36] in a configuration termed 
spectral reflectance imaging biosensor (SRIB) actually modified as 
interferometric reflectance imaging sensor (IRIS) [37], [38]. This technique 
evolved from the study of optical phase difference due to the accumulation of 
biological material on a layered solid substrate to the detection of single NP and 
virus. In [36], indeed, a Si/SiO2 substrate has been designed to optimize phase 
imaging in a widefield, common path interferometer for the real-time 
measurement of accumulated biomass in a microarray format. The study have 
been then extended to the employment of a layered substrate in order to achieve a 
high spatial resolution and to maintain a relatively constant phase of the reflected 
incident light [38]. The enhancement of the interference term of Eqn. (4) has 
indeed been realized by employing a layered substrate opportunely designed to 
calibrate the phase difference between the reference and the scattered field and so 
to increase the contrast. The widefield interferometric imaging method 
demonstrated the detection and the accurate sizing of a range of nanoparticles, 
including H1N1 influenza virus with an average diameter of 120 nm and PS beads 
with average diameter up to 70 nm. The high-throughput sensor capability is 
confirmed by the parallel sensing of 10
5
-10
6
 individual particle bound anywhere 
on the entire sensor surface.  
The IRIS technique has been also proposed to distinguish metal NPs i.e. gold and 
silver NPs, in a mixture. The idea relies on adjusting the thickness of the spacer 
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layer between the particle and substrate in order to get a unique optical response 
for each material type as function of the defocus [39]. An improvement of the 
IRIS technique is discussed in Chapter 6 where the model of a subsurface imaging 
setup based on the IRIS is presented [40]. 
 
4.4 CONCLUSIONS  
 
Mechanical sensors, mainly in the micro-cantilever configuration, are mainly 
employed as mass sensors. They are good candidates for applications demanding 
high-throughput and real-time measurement due to the consolidate scalability 
fabrication techniques associated to micro-devices. Although these characteristics, 
sensitivity is enhanced if the cantilever is placed in vacuum. This aspect could 
highly affects the cost and introduce some handling issue in the employment of 
cantilever based NPs sensors in point-of-care applications. 
The so far proposed electrical methods for NPs detection show the main 
advantage of compatibility with well-established microelectronic manufacturing 
technology. An easy integration of the sensing electronics and microfluidic 
structures on the same chip, indeed, will provide a robust and cost-effective 
platform for numerous lab-on-chip applications. 
Optical techniques based either on microscopy or the perturbation of the resonant 
condition of a photonic cavity have been widely investigated for single 
nanoparticle detection showing good response in terms of detection limit and 
sizing sensitivity. Despite the capability of detection of really small NPs and the 
high sensitivity, the practical implementation of WGMs based resonators for NPs 
detection is limited by their low throughput capacity. Also, it has not been 
demonstrated so far a resonant cavity capable to discern NPs material type in a 
buffer solution. The high selectivity induced by the employed surface chemistry 
do not implies specificity of the binding and molecules of different nature could 
concur to perturb the cavity resonant condition in terms of modal splitting of 
resonant wavelength shift. The analysis of the modal splitting anyway, leads to 
overcome the critical issue of the dependence of resonator optical response on the 
NP-surface binding location. While WGMs based optical resonator offer the 
- 90 - 
 
advantages of compact size and so potential portability of the sensor inserted in a 
reduced volume package, microscopy based techniques do not satisfy these 
requirements. Although these inconveniences, they anyway lead to shape 
recognition material/affinity specific detection of single nanoparticles and high 
throughput capacity. 
The study of engineered NPs size and shape and their recognition could indeed be 
useful to understand the way these characteristics affect their functionality when 
employed as auxiliary media (for drugs delivery for example). This investigation 
seems to be possible, so far, only through microscopy based techniques. 
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Chapter 5. 
WISPERING GALLERY 
MODEs BASED SINGLE 
NANOPARTICLE 
DETECTION 
 
 
 
 
 
Different analytical and theoretical studies concerning whispering-gallery mode 
based nanoparticle (NP) detection have been proposed. Since one of the major 
goal of scientific research is to preserve human health, the same investigation 
concerning NPs detection for generic sensing purposes has been extended to the 
hazardous biological elements, including virus and other molecules, as reported in 
Chapter 4.  
Really often a polystyrene (PS) NP is employed to emulate the presence of a virus 
[1], [2] since its refractive index (1.59 RIU) is really similar to the one of proteins 
composing the virus capsid which is the layer surrounding the virus genome, i.e. 
the nucleic acid portion of the virus. Due to the spheroidal shape of the capsid or 
anyway the spheroidal shape assumed by natural and engineered NPs
**
, the 
“model” NP is usually assumed to be spherical.  
Here we discuss an analytical method for NPs sizing and propose the employment 
of a planar microring cavity supporting WGMs as sensing device, despite the 
**NPs are indeed frequently synthetized in presence of an organic stabilizer called capping agent that confers 
them a spherical shape. 
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spherical and microtoroidal structures adopted in literature so far for NPs 
detection. 
This chapter is organized as follows: we first discuss the behavior of a cavity in 
presence of a Rayleigh scatterer by employing quantum electrodynamics (QED) 
principles. Classical electromagnetic theory, indeed, results to be inadequate to 
study light scattering in a cavity [3]. Then we develop the theoretical foundations 
of NPs sizing through the analysis of modal splitting occurring when light 
propagation within a cavity is perturbed by the presence of a scatterer, according 
to [4], [5], [6]. 
After, we analyze the limiting factors of the model in terms of detection limit, 
reliability and applicability. We also present some results obtained by employing 
a cavity opportunely designed in order to satisfy some requisites of the analyzed 
model. 
 
5.1 THE HARMONIC OSCILLATOR  
 
The theory of the quantum field is based on an equality concerning the 
representation of the electromagnetic field. Properly, this equality states that a 
single mode of an electromagnetic field in a one-dimensional cavity acts as a one-
harmonic oscillator. 
This concept is briefly introduce in the following in order to explain later the 
analyzed model for NPs detection. 
The classical representation of an electromagnetic field that has to satisfy the 
following Maxwell's equations in free space is: 
 
0 E  (1) 
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- 97 - 
 
To quantize the electromagnetic field, we consider a closed one dimensional 
cavity of volume V surrounded by perfectly reflecting mirrors, according to [7]. 
Then we consider a monochromatic, single-mode electromagnetic field, linearly 
polarized whose electric and magnetic components have the form: 
 
0( , ) ( ) sin( )E z t xq t E kz  (5) 
0
2
( , ) ( ) cos( )
E
B z t yq t kz
c k
 (6) 
 
where k is the wavenumber (=ω/c), c is the speed of light, q(t) is a measure of the 
field amplitude, while the expression of E0 is: 
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The classical electromagnetic energy density of the electromagnetic field is: 
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where brackets | | are employed to indicate the magnitude of the fields. 
The correspondent Hamiltonian, representing the energy of the system, is: 
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Substituting Equations (5) and (6) in Eqn. (9) and integrating, the Hamiltonian can 
be re-conduced to the form: 
 
 2 2 2
1
2
 H q p  (10) 
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which is identical to the one associated to a harmonic oscillator having unit mass 
m, with position x and momentum p: 
 
2
21
2
 
  
 
p
H kx
m
 (11) 
 
In the analogy between an harmonic oscillator and an electromagnetic field, p and 
q of Eqn. (10) are defined in terms of photons annihilation and creation operators 
[3], [7]. 
For sake of brevity, here we do not enter in details since an exhaustive discussion 
on the topic can be found in several books and papers dealing with quantum optics 
[3], [7], [8], [9]. 
 
5.2 NANOPARTICLE SIZING: MATHEMATICAL MODEL  
 
An electromagnetic cavity can thus be considered as a one-dimensional harmonic 
oscillator.  
As yet explained in Chapter 3, if light propagating within the cavity is perturbed 
along its path due to the presence of a disturb element, i.e. a nanoparticle or a 
structural imperfection such as surface or side-wall roughness, light is deviated 
from its natural path and a scattering phenomenon occurs with intensity 
proportional to the perturbation magnitude. The travelling wave modes of the 
resonator, i.e. the degenerate clockwise (CW) and counterclockwise (CCW) 
modes that are orthogonal to each other, will not exchange energy unless there 
this perturbation will be so significant to couple them each other. 
With these assumptions, nanoparticle-microresonator interaction can be modeled 
as the interaction between a system S constituted by the one-dimensional 
oscillator, and a system R (called reservoir), constituted by all those matter 
oscillators (i.e. phonons, other photon modes, etc.) confined in the cavity and 
interested by the scattering and the damping of cavity eigenmodes occurring when 
light is perturbed along its path [3].  
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Figure 1. Graph representation of the system to be modeled. Dotted arrows refer 
to the coupled system. 
 
Thus, the system under investigation is well approximated by a coupled harmonic 
oscillator system composed by two WGMs (CW and CCW) with degenerate 
resonant frequency and by n reservoir modes.  
 
 
Figure 2. Schematic of the system to be investigated. 
 
Under these conditions, the energy of the resonator-reservoir system is described 
by the total quantized Hamiltonian H: 
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0 1 2H H H H    (12) 
 
where H0 is the free-Hamiltonian of the unperturbed system accounting for the 
energy of the free (i.e. uncoupled) field and the reservoir modes, while H1 and H2 
are the coupling-Hamiltonians (i.e. expressing the interaction energy) regarding 
auto- and mutual-coupling of WGMs (CW and CCW) and the mutual-coupling 
between reservoir modes and WGMs, respectively. 
Since the energy of a generic electromagnetic mode k
th
 of frequency ω with 
creation and annihilation operators †,k ka a  is ħωN, where N = (
†
k ka a ) expresses 
the number of photons in mode k , the components of the total Hamiltonian are: 
 
 † † †0 0
n
CW CW CCW CCW j j j
j
H a a a a b b   
 
(13) 
 † † † †1 CW CW CW CCW CCW CW CCW CCWH g a a a a a a a a     (14) 
 ' † † † †2
n
CW j CW j CCW j CCW j
j
H g a b a b a b a b    
 
(15) 
 
where: / 2h  , h= Planck‟s constant; † †,CW CCWa a are the annihilation operators 
of WGMs CW and CCW, respectively, ,CW CCWa a  are the creation operators of 
WGMs CW and CCW, respectively; † ,j jb b  are the annihilation and creation 
operators of the j
th
 reservoir mode, propagating at frequency 
j ; g  and 'g  are 
the coupling coefficients between WGMs and WGMs and reservoir modes, 
respectively.  
 
The Heisenberg equations of motion of the isolated system can be expressed as: 
 
 
1
,CW CWa a H
i
  (16) 
 
1
,CCW CCWa a H
i
  (17) 
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1
,j jb b H
i
     (18) 
 
where i is the imaginary unit. Since the number of photons in a generic mode m 
can be any non-negative whole number, photons are bosons and they obey Bose-
Einstein statistics [3].  
That means that:  
 
1) the annihilation and creation operators of photons of the same mode satisfy 
the bosonic commutation law, i.e. formalism of second quantization (the 
state of a set of identical bosons remains unchanged under permutation of 
two particles) and  
2) they are linear operators.  
 
By substituting the H expression into the Equations, (16)-(18), it comes:  
 
0 ( ) '
 
     
 
CW CW CW CCW j
j
a i a g a a g b  (19) 
0 ( ) '
 
     
 
CCW CCW CW CCW j
j
a i a g a a g b  (20) 
'( )     j j j CW CCWb i b g a a  (21) 
 
Since the system under consideration is coupled to an external waveguide, a 
coupling and a loss term, kext and k0 need to be introduced. Properly 0k (=2/τ0) is 
the damping rate due to material and radiation losses, extk (=2/τext) is the 
waveguide-resonator coupling rate. Assuming the resonator to be coupled to two 
distinct straight waveguides and assuming the kext term to be equal for both the 
couplers, the mode decay rate inside the cavity is:  
 
0
0
21 2
2
ext
ext
k k
t
 

    (22) 
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according to the definition of Q-factor (1/Q = 2/ωη). 
Under the additional assumption that the waveguide-resonator coupling is ruled 
by the law κ∙υ, where 
2
extk k  (as yet reported in Chapter 3) and υ is the external 
source, the Heisenberg equations of motion of the coupled system become: 
 
0 ( ) '
 
       
 
CW CW CW CCW j CW ext
j
a i a g a a g b ta k u  (23) 
0 ( ) '
 
      
 
CCW CCW CW CCW j CCW
j
a i a g a a g b ta  (24) 
'( )     j j j CW CCWb i b g a a  (25) 
 
Equation 14, for the reservoir operator bj, can be formally integrated to yield: 
 
( )
0
( ) (0) ' [ ( ) ( )]
  
  
  
  
j j
t
j t j t
j j CW CCWb t e b ig e a a d  (26) 
 
The first and the second terms of the right side of Eqn. 26 are the free and the 
forced evolution of the j
th
 reservoir mode, respectively. 
Properly, the free evolution of reservoir modes gives rise to a noise operator 
(obtained by substituting Eqn. 26. in Eqn. 23):  
 
( ) ' (0)

   jWGM
j t
a j
j
f t ig e b  (27) 
 
that varies rapidly due to the presence of all reservoir frequencies [3]. 
Equations (23) and (24) become: 
 
 0 ( )       WGMCW CW CW CCW CW ext aa i a g a a ta k u f  (28) 
 0 ( )      WGMCCW CCW CW CCW CCW aa i a g a a ta f
 
(29) 
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2 ( )
0
' [ ( ) ( )]
 
   
j
t
j t
CW CCW
j
g e a a d
 
    (30) 
Through a transformation of variables, useful to remove the fast frequency 
dependence of the harmonic oscillator operators aCW and aCCW (i.e. aCW = 
ACW·exp(-jω0t) and aCCW = ACCW·exp(-jω0t) ), and by adopting the Weisskopf-
Wigner approximation, the term  can be expressed as 
1
( )
2
CW CCWA A   where Γ 
is the cavity damping rate due to Rayleigh scattering occurring in presence of a 
nanoparticle.  
By neglecting the noise operator faWGM, we get: 
 
1 1
2 2
CW CW CCW extA i ig t A ig A k u
   
             
   
 (31) 
1 1
2 2
CCW CW CCWA ig A i ig t A
   
            
   
 (32) 
 
where 0      is the laser detuning frequency. 
The previous set of equations describes the evolution of a coupled harmonic 
oscillator system in the case of a slowly varying field amplitude.  
A more compact view of this state equations is:  
 
11 12
21 22
11 22
12 21
0
1
2
1
2
CWCW ext
CCWCCW
A FA GU
Af fA k
u
Af fA
f f i ig t
f f ig

 
     
       
      
       
   
 (33) 
 
Following the formalism of coupled mode theory investigated in Chapter 3, 
through a linear combination of the state equation, in steady-state regime ( ̇   ), 
two uncoupled equations are derived by introducing new variables: 
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( 2 )
 
  
extk u
A
t i g
 (34) 
 
 
extk u
A
t i 
 (35) 
 
Equations (34) and (35) describe the amplitude of the symmetric and the 
asymmetric standing wave modes SWMs, respectively, generated by the 
interaction of the native travelling wave modes (CW and CCW).  
If we compare Equations (34) and (35), the symmetric standing mode is affected 
by a broadening Γ of the resonance line width and a detuning 2g from the 
degenerate WGM. 
After solving the coupled system in steady-state regime in order to derive the 
analytical formula of aCW, the transmission coefficient Tt as defined in [10] is 
calculated: 
 
ext CWTt u k A   (36) 
 
and the system transfer function T, i.e. its transmission spectrum analytical 
formula, is: 
 
 
 
2
2 2
2 2
2
2
( ) 0.5
1
( ) 0.5 ( 0.5 )
1 1
1
2 (2 )
     
    
        
 
   
      
k i g tTt
T
u i g t ig
k
i g t i t


 
 (37) 
 
having eigenfrequencies: 
 
1 0
2 0 2

  g
 
 
 (38) 
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That means that a doublet will appear in the system transmission spectrum T or, 
equivalently, the resonant frequency of the specific examined mode will 
experience a modal splitting leading to the degeneracy of the two counter-
propagating modes CW and CCW. 
 
 
Figure 3. Block diagram of the unperturbed and perturbed system S, assumed as 
the isolated microresonator and the microresonator interacting with a localized 
perturbation. 
 
As from Equations (37) and (38), the value of the coefficient g (WGMs mutual 
coupling coefficient) determines the distance between the two dips of the splitting 
doublet, while the Γ value rules the deep and the band broadening of resonances.  
Both g and Γ expressions are related to the cavity modal volume Vc which 
describes how efficiently the cavity concentrates the electromagnetic field in a 
restricted space, or, equivalently, it quantifies the spatial localization of energy 
within the resonator: 
 
 
2 3
2
( ) ( )
max ( ) ( )

Vol
c
r E r d r
V
r E r


 (39) 
 
Numerator of Eqn.(39) represents the energy W of the electric field within the 
resonator according to Eqn. (9). For a fixed value of this volumetric integral, a 
smaller mode volume is associated to a larger peak of the electric field. A smaller 
OUT S 
 OUT S IN 
ε 
IN 
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modal volume can also be obtained by increasing the contrast between resonator 
and background refractive index. 
Properly, the Γ and g expression is: 
 
2
0( )
2
 

c
f r
g
V
 (40) 
2 2 4
0
3
( )
3
 


 
b c
g f r
c V
 
(41) 
 
where cb is the speed of light in the surrounding medium. The term f(r) is instead 
the field distribution function that reaches its maximum at the resonator-
background medium interface and its square accounts for the cavity mode 
functions of both CW and CCW modes.  
By assuming [11] Vc =k*(/n)
3
 with k = constant, Eqn. (37) has been plotted in 
Fig. 4 for different k values. 
 
 
Figure 4. Overlapping of resonant cavity transmission spectra obtained by 
changing the k coefficient in Vc. 
 
As from Fig.4, the symmetric mode dip experiences a significant line broadening 
and shift when the cavity modal volume value decreases. Thus, smaller is the 
modal volume, wider is the relative shift between splitting dips. 
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The main hypothesis adopted so far is that a generic perturbation affects light 
propagation within the cavity.  
If this perturbation is due to the presence of a scatterer like a nanoparticle NP and 
if its size is smaller than a certain fraction of the wavelength of the incident light 
(i.e. λ/8), the scattering process to be identified is a Rayleigh scattering in the 
regime of electrostatic approximation. That means that the electrical field E 
interacting with NP induces a dipole regime in it, thus conferring it an 
electrostatic polarizability α [12]. 
If the NP has a spherical shape, the polarizability expression is: 
 
2 2
3
2 2
( ) ( )
( ) 4
( ) 2 ( )
p bckgr
p bckgr
n n
r
n n
 
  
 
 
    
 (42) 
 
where r is NP radius, np is NP refractive index and nbckgr is the background 
refractive index. The polarizability is the same along the three axes identifying the 
sphere. 
In the following, α, np and nbckgr are assumed to be constant, i.e. not wavelength 
dependent.  
Since the ratio /g is dependent on NP polarizability α, according to the formula 
[5]: 
 
2 33
0
3 3
8
3 3
 
 

 
bckgr
b
n
g c
 (43) 
 
the analytical expression of the radius of a spherical NP can be derived by 
employing Equations (42) and (43): 
 
2 2
3
2 2
23
2 4
p bckgr
bckgr p bckgr
n n
r
n n n g


  
    
 (44) 
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Equation (44) is a mathematical relation useful to estimate the radius of a 
spherical NP only by analyzing resonator transmission spectrum. 
An additional benefit coming from the employment of this size estimating method 
is that it is a self-reference and self-consistent method. External sources of noise 
(such as the thermal ones), indeed, will affect at the same time and at the same 
manner both the splitting dips leaving their relative shift unaltered. 
Anyway, an a priori knowledge of NP refractive index is necessary to apply this 
method that can be mainly suited for analytical purposes, i.e. to extract 
information from resonator transmission spectrum. In the following, anyway, the 
method is also investigated in order to extract some guidelines for the design of a 
cavity to be employed for NPs detection.  
Due to the analytical nature of the method, high accuracy in parameters 
extrapolation from resonator transmission curve is necessary and it can be assured 
by approximating Eqn. (37) with a double Lorentzian curve through a fitting 
function of the form: 
 
1 1 2 2
2 2
1 1 2 2
( ) 1
( ) ( )
fit
A w A w
L
w w

   
  
   
 (45) 
 
In Fig. 5 the overlapping of the theoretical transmission spectrum of a cavity 
interacting separately with a NP having radius 60nm and 80nm, respectively, is 
plotted. A Matlab code has been written to implement Eqn. (37), assuming a NP 
refractive index of 1.59 RIU, similar in value to the one of a polystyrene (PS) NP.  
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Figure 5. Modal splitting occurring due to the interaction of cavity mode and a PS 
NP with a 60 nm and 80 nm radius. 
 
5.2.1 DETECTION LIMIT ENHANCEMENT 
 
In order to evaluate the resonator detection limit in terms of minimal detectable 
NP radius, a graphical analysis of resonator transmission spectrum is proposed.  
The condition to be satisfied to make a NP detectable is that the splitting is 
distinguishable. As previously indicated, a condition required to solve the modal 
splitting is to have a small cavity modal volume. As from Fig. 4, a modal volume 
reduction lifts to the symmetric mode dip line enlargement and shit.  
From a geometrical point of view, the splitting is distinguishable when the doublet 
dips distance 2g is bigger than the sum of the line widths FWHM1 + FWHM2 of 
the splitting dips: 
 
1 22    g FWHM FWHM
Q

 (46) 
 
In Fig.6 a symmetric splitting (i.e. in absence of line broadening) is depicted as 
predicted with the CMT. 
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Figure 6. Illustration of symmetric mode splitting. 
 
Since it is valid the relation: 
 
2( )
2

c
f r
g
V

 (47) 
 
And the line broadening  can be neglected because its value is much more 
smaller than ω/Q (i.e.  << ω/Q), Equations (46) and (47) become : 
 
2( ) 1

c
f r
V Q

 (48) 
 
By substituting Eqn. (42) into (48), the lower value of radius for a NP to be 
detectable through the modal splitting method is: 
 
2 2
3
2 2 2
21
4 ( )
 
    
p bckgrc
NP
p bckgr
n nV
r
f r Q n n
 (49) 
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Eqn. (49) can be suited to find the minimum requirements an optical cavity should 
satisfy in order to detect a specific nanoparticle having refractive index np in a 
known environment of index nbckgr. 
The term Vc/Q in Eqn. (49) relates the detection limit of the method to the Purcell 
factor Fp: 
 
0
2
3
4
 
   
 
p
bckgr c
Q
F
n V


 (50) 
 
Which is a figure of merit expressing the radiative rate of an emitter within a 
cavity with respect to its value in free space and it is known as “spontaneous 
emission enhancement factor”.  
It has indeed been demonstrated in the mid 1940‟s by Purcell that, if an ideal 
emitter is spatially and spectrally aligned with a mode in an electromagnetic 
cavity, its spontaneous emission rate is enhanced by the quantity indicates as Fp 
[13]. This enhancement is favorite by the reduction of cavity modal volume or, 
equivalently, the increasing of the ratio Q/Vc.  
Since the Vc value is a direct function of the cavity size, a reduction of cavity 
dimensions will lift to a modal volume reduction and to an enlargement of the 
enhancement factor.  
Thus it‟s possible to affirm that the spatial confinement of light in a cavity is 
typically quantified by the mode volume (Vc), whereas its temporal confinement is 
described by the quality factor (Q). These parameters are, indeed, respectively 
related to the electric field enhancement and the photon lifetime in the resonator. 
At the same manner, smaller is the ratio Vc/Q which is inversely proportional to 
the Purcell factor, smaller is the theoretical minimal radius detectable by 
employing the splitting method. 
In Fig. 7, the theoretical cavity detection limit versus the Purcell factor value is 
plotted by assuming that the spherical bead to be detected is surrounded by air or 
it is immersed in a bulk solution (water). 
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Figure 7. Theoretical cavity detection limit as function of the Purcell Factor for 
two different scenarios. 
 
In next figure, the requirements that a cavity should satisfy in order to be 
employed for nanoparticle sizing purpose are represented in terms of flat surface. 
Properly, the one depicted is a color map concerning the modal volume value that 
the field inside the cavity should have to size a NP, for a certain Q-factor value. 
The operative environment here considered is water. 
The investigated LOD is expressed in terms of minimal NP radius to be detected 
and its value has been fixed in the range [10:100] nm.  
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Figure 8. Color map expressing modal volume value Vc as function of LOD and 
Q when the NP is immersed in water. Vc is expressed in m
3
. 
 
In Fig. 9 (A) and (B), the cavity Q-factor value is assumed in the range 10
3
 - 10
5
 
which corresponds to the range of Q-factor values obtained experimentally with 
planar ring resonators [14]. This class of WGM based optical cavities offers the 
advantage to be a good compromise between a device having both an high Q-
factor and a small modal volume and will be investigated in the following. 
 
 
(A) 
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(B) 
Figure 9. Color map expressing modal volume value Vc as function of LOD and 
Q when the NP is immersed in (A) water and (B) air for a cavity Q-factor up to 
10
5
. Vc is expressed in m
3
. 
 
As from Fig. 9, the theoretical limit value of modal volume Vc increases slightly 
when the NP to be detected is immersed in air. This is due to the increment of NP-
background index contrast and the subsequent increment of Clausius-Mossotti 
coefficient K which describes the NP residual polarizability, according to Eqn. 
(42) which can be re-written as: 
 
2 2
2 22
 
      
p bckgr
vol vol
p bckgr
n n
NP K NP
n n
  (51) 
 
Where NPvol is the spherical bead volume in the dipole approximation.  
The K function curve is plotted in Fig. 10 for a fixed NP refractive index, and a 
background refractive index ranging from 1 RIU (air) to NP refractive index in 
order to consider only positive values of K. 
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Figure 10. Clausius-Mossotti factor (or function) trend for a fixed NP refractive 
index and a background index ranging from the one of air to the one of the NP. 
 
If the background is water (n= 1.3101 at = 1550 nm), both K and Q decrease 
(due to dispersion) giving rise to a degradation of LOD. Thus, a cavity having an 
higher Q factor value should be employed in order to compensate the (1/K) 
increment and get the same LOD when the operative environment is water. This is 
also what we expect from theory due to the phenomenon of light attenuation in 
water.  
The theoretical LOD of a cavity in terms of minimum detectable NP radius can be 
derived from the color-maps by matching the Q-factor and the modal volume 
value, for a specific scenario.  
Anyway, due to the not univocal relationship existing between NP radius 
analytical expression, NP refractive index and Vc/Q ratio, color maps should only 
be considered as a guideline for the choice of the most appropriate resonator 
configuration. The selectivity of the method, i.e. the identification of a specific 
NP, will be dependent on the surface chemistry employed to activate the sensing 
layer, as defined in Chapter 2. 
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5.3 CAVITY DESIGN: HYBRID RING RESONATOR 
 
The resonant structure configuration here assumed to validate the NP sizing 
method based on modal splitting has been chosen according to the design criteria 
previously indicated, concerning the cavity Q-factor and modal volume Vc. 
The main characteristics of the cavity will be briefly in the following. 
According to subsection 2.6.1, Silicon on insulator (SOI) technology has been 
chosen for cavity realization. We remember that in SOI structures, indeed, a 
strong light confinement can be realized and a single mode operation, i.e. only one 
guided mode for each polarization is supported by the guide, can be reached by 
employing a waveguide cross-section dimension in the nanometer range. 
Waveguide dimensions (height of the Si rib and its width) have been chosen 
according to the properties descripted in Chapter 3. 
Thus, waveguide width has been chosen to be 500 nm, while its height to be 220 
nm, according also to the low propagation loss of 0.92dB/cm  0.12 demonstrated 
in [15]. 
Figure 11 depicts the field distribution of the TE-like and TM-like fundamental 
mode supported by the employed 500x220 SOI waveguide.  
 
 
   TE-like mode, neff = 2.37 RIU 
(A) 
 
    TM-like mode, neff = 1.6 RIU 
(B) 
Figure 11.(A) TE-like mode field distribution. (B) TM-like mode field 
distribution. 
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As from Fig. 11, a stronger confinement in the waveguide core is obtained for the 
TE-like mode. 
Cavity design guidelines are driven by the individuation of a compact, small 
footprint optical resonator having a low modal volume Vc and a Q factor value 
such that the ratio Vc/Q allows to detect NP having a radius in the interest range of 
30 – 100 nm. This range corresponds to the one associated to the size of most 
intruders such as viruses and toxic NPs [16]. 
For 500x220 SOI waveguide the critical radius value has been evaluated to be 3 
m by employing a commercial software for electromagnetic field propagation. 
Critical radius is indeed that value of radius below which bending loss are no 
more linear with bending radius and they have a dominant effect on resonator 
loss. 
A study concerning the coupling gap has also been effectuated to identify the 
value of the cross-coupling coefficient kopt in the coupler section for different 
gaps, according to the coupled mode theory CMT in space domain described in 
Chapter 3.  
Coupling efficiency trend is presented in Fig.12 for a gap ranging from 150 to 400 
nm. 
Data have been obtained by employing a FEM commercial software. A quadratic 
fitting algorithm has been implemented in Matlab environment to interpolate data. 
 
 
 
 
(A) 
 
(B) 
Figure 12. (A) Cavity cross-section at the coupler area. (B) Coupling efficiency 
evaluated for a gap ranging from 150 up to 400 nm. 
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According to what we expect by increasing resonator-waveguide distance, i.e. the 
gap g, coupling efficiency reduces when the gap increases since the coupling is 
ruled by the penetration depth of the evanescent tail of the propagating field, 
which exponentially decays besides the guiding structure.  
A reduction of coupling efficiency gives rise to an increase of Q factor value 
which is one of the requisites to be satisfied in order to solve the doublet splitting. 
The other requisite is related to the modal volume Vc whose value can be reduced 
by increasing the index contrast between the resonator and the background (thus 
employing SOI technology as here assumed) and by reducing resonator sizes, as 
stated previously. 
Since are valid the relations [17], [18]: 
 
2


eff
K
FWHM
Ln
 (52) 

Q
FWHM
 (53) 
 
the theoretical Q-factor value for a TE and TM mode has been calculated and its 
trend is plotted in Fig. 13 for a cavity having a radius as small as 5 μm. The exact 
theoretical Q-factor value is indeed function of cavity length L and the operative 
wavelength λ (here assumed to be 1550 nm). The K term in Eqn. (39) is the 
coupling efficiency, not to be confused with the Clausius-Mossotti function 
mentioned previously. 
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(A) 
 
(B) 
Figure 13. Q-factor value VS resonator-waveguide gap for a (A) TE and (B) TM 
polarized mode. 
 
As from Fig. 13, a slightly lower Q-factor value is reached if light propagating 
within the cavity is TM polarized rather than TE polarized due to the effective 
index value characterizing the different polarizations. Theoretically, a Q-factor of 
the order of 10
5
 can be anyway reached for both polarization conditions when the 
coupling is really weak. This condition corresponds also to a significant reduction 
of the resonator extinction ratio ER which is undesirable for sensing applications. 
To work in proximity of critical coupling condition is indeed one of requisite to be 
satisfied when a resonant cavity is employed as biosensor. Thus, the coupling gap 
to be explored has been chosen in order to be far from a really weak coupling 
condition where back-reflection effects are not negligible giving rise to intermodal 
coupling [19], [20].  
The investigated values of gap are 300 nm and 350 nm. Two classical planar 
configurations, i.e. a ring and a disk resonator, having a radius of 5 μm have been 
investigated by moving the coupling gap. Data are reported in Table 1.  
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Table 1. 
 Gap = 300 nm Gap = 350 nm 
RING 
Q ER [dB] Q ER [dB] 
3.67·10
4
 15.58 1.06·10
5
 13.04 
DISK 
Q ER [dB] Q ER [dB] 
7.74·10
4
 28.4 1.73·10
5
 23.4 
 
Reported data are related to electromagnetic simulations of the cavities excited by 
a TE polarized beam. A comparison with the Q-factor values of Fig. 13 (A) 
denotes a good trend matching between simulated data and the predicted ones. 
In Fig. 14 the overlapping of the transmission spectrum of the analyzed cavities is 
depicted. The maximum mode radial number supported by the disk is equal to 3, 
for both the coupling gaps. 
 
 
 
 
GAP 300 nm 
 
 
(A) 
 
 
 
GAP 350 nm 
 
 
(B) 
Figure 14. Ring and Disk resonator transmission spectrum for a resonator 
waveguide gap of (A) 300 nm and (B) 350 nm. 
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The same FDTD commercial software employed for the electromagnetic 
simulation of the cavities has been suited to calculate their electric energy density 
distribution in 3D simulations for all the supported modes (see Fig. 15).  
 
RING 
(A) 
 
DISK 
(B) 
   
Figure 15. Left. (A) Ring and (B) disk resonator cross section in the coupling 
region. Right. Electric energy density for all the modes propagating within every 
cavity. 
 
Really small Vc values (of the order of 10
-19
 m
3
) have been obtained by employing 
classical shape cavities having small sizes, as depicted in Fig. 16. 
 
 
Figure 16. Modal volume of ring and disk fundamental mode as function of the 
coupling gap [nm]. 
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Despite a Q-factor of the order of 10
5
 reached in both configurations when a 
coupling gap of 350 nm is employed, the ring resonator show an ER value close to 
15 dB which is considered the threshold condition for sensing applications [20]. 
This could thus affect the detection performances of the device. At the same time, 
the presence of higher order modes (up to the third order) characterizing the disk 
could lead to intermodal coupling when a scattering element interacts with the 
cavity. Only a single mode is instead supported by the ring resonator.  
A brief resume of analyzed configurations is reported in Table 2. 
 
Table 2 
RING DISK 
Small Vc 
High Q 
Low ER 
Single mode 
Small Vc 
High Q 
High ER 
Multi-mode 
 
Thus, we notice that as the gap increases, coupling decreases and this causes the 
ER value to decrease and the Q-factor value to increase. 
Theoretically, the requirements to solve the splitting doublet are associated only to 
the Q and Vc value, but also the ER value need to be taken in consideration for a 
realistic design of a cavity to be employed for sensing applications. 
A possible way to keep at the same time the Vc value low and the Q-factor value 
high is engineering a classical planar ring resonator configuration by moving the 
microring inner radius Rin [21] by limiting the number of higher order modes 
supported by the cavity. 
This engineered resonator is here termed “hybrid resonators” since its 
engineerization can lead to a microring or microdisk optical behavior in terms of 
number of guided modes and energy storage (i.e. Q-factor) within the resonator. 
For sake of brevity, we remand the reader to subsection 5.4.1 for a wide 
discussion concerning the proposed configuration. 
Fixing the resonator outer radius to the value of 5 m, the inner radius value has 
been moved in order to switch from a classical ring configuration to a disk 
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resonator configuration. We remember that classical ring means that the width of 
ring annulus is equal to the width of waveguide cross-section, i.e. w = 500 nm. A 
disk resonator is instead obtained by setting Rin to zero. 
We found that the hybrid structure acts as a disk, i.e. it supports a maximum mode 
radial order number equal to 3, in the hypothesis of using a resonator having an 
annulus R which is at least the double of the input waveguide (500x220 nm) in 
terms of width. That means for R > 1 m. 
In Fig. 17, the modal field distribution of a cavity having an annulus width of R 
= 1 m (limit value for the propagation of an higher order mode of the second 
order) is plotted.  
 
HYBRID 
 
  
 
Figure 17. Modal field distribution of Hybrid configuration with annulus width of 
1 m. 
 
Despite this limit configuration, other annulus widths have been investigated.  
Data reported in Table 3 have been extrapolated from electromagnetic simulations 
where the geometry of all the resonant cavities is characterized by a waveguide-
resonator gap fixed to 300 nm. 
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Table 3. 
Annulus width 
[nm] 
Rin [nm] Q factor ER [dB] Finesse 
500 4500 3.67·10
4
 15.58 0.65·10
3
 
750 4250 7.04·10
4
 27.09 1.25·10
3
 
1000 4000 7.54·10
4
 27.14 1.34·10
3
 
1500 3500 7.74·10
4
 28.2 1.37·10
3
 
5000 0 7.74·10
4
 28.4 1.37·10
3
 
 
Increasing the annulus width beyond the one considered as the limit width (ΔR = 
1000 nm) leads the hybrid resonator to act as a disk from an electromagnetic point 
of view. 
When the coupling gap is increased, instead, this condition is reached exactly at 
the limit annulus width of 1 μm, as from Table 4 where data concerning a 350 nm 
gap are reported. 
 
Table 4. 
Annulus width 
[nm] 
Rin [nm] Q factor ER [dB] Finesse 
500 4500 1.06·10
5
 13.04 1.9·10
3
 
750 4250 1.53·10
5
 23  2.34·10
3
 
1000 4000 1.73·10
5
 23.37 3.08·10
3
 
5000 0 1.73·10
5
 23.4 3.08·10
3
 
 
Transmission curves for a 300 nm gap are depicted in Fig. 18. 
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Figure 18. Overlapping of transmission spectrum of cavities having a different 
annulus, but equal outer radius Rout fixed at 5 μm.  
 
From theory, FSR value is function of radial distance of fundamental mode from 
the symmetry axis of the structure (i.e. z-axis) which is usually assumed to be 
equal to resonator outer radius Rout, but it is not exactly so. For this reason, FSR 
value is roughly equal to 28 nm for all the configurations and its exact value 
depends on the spatial confinement of the propagation path travelled by the 
fundamental mode, which is slightly different for the analyzed configurations. 
Despite the FSR, the quality factor value changes significantly by modifying 
resonator annulus in terms of inner radius. For a fixed Rout, a reduction of Rin 
gives rise to a Q-factor increasing since the first order radial mode (i.e. the 
fundamental mode) is strongly confined only along one sidewall and losses are 
reduced as it will be discussed in section 5.4.1.  
The modal volume value of the fundamental mode for every analyzed 
configuration is roughly equal to 3·10
-19 
m
3 
. Its value slightly increases when 
moving from a ring to a disk configuration, but preserves the same order of 
magnitude. 
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Figure 19. Resonators modal volume for two different gap values. 
 
Fixing the annulus width to a specific value, and moving the gap, an increasing of 
Q-factor is observed from electromagnetic simulations as predicted from theory. 
In Fig. 20, the overlapping of the transmission spectrum curves of a hybrid 
resonator having annulus width of 1 μm with a resonator-waveguide gap ranging 
from 200 to 350 nm is depicted. 
 
 
Figure 20. Enlargement of transmission spectrum overlapping in proximity of 
fundamental mode resonance condition. 
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The correspondent Q-factor values are instead plotted in Fig. 21. Data here 
reported are consistent with the ones of Fig. 13 (A) calculated from theory. 
 
 
Figure 21. Hybrid resonator Q-factor value as function of coupling gap. 
 
Both gap values of 300nm and 350nm allow to reach an high Q-factor keeping the 
Vc value low due to the reduced size of the resonator. Since this is a rule of thumb 
for all the different examined configurations, we will investigate different cavities 
response to the presence of a spherical NP moving the coupling gap in the range 
300-350 nm, for a fixed outer radius. 
It is indeed possible to identify only some pre-requisites that the cavity should 
satisfy for NPs detection. Selectivity of the detection method and specificity of the 
molecular interactions for NPs binding, detection and sizing are dependent on the 
surface chemistry employed, as reported in Chapter 2. Usually, anyway, 
electrostatic interactions are suited to immobilize NPs on the sensor surface 
giving rise to a lack of selectivity. 
 
5.3.1 SINGLE NANOPARTICLE DETECTION AND SIZING 
 
Due to the characteristics indicated in the previous section, we start the analysis 
by employing a hybrid resonator based microcavity having an annulus of 750 nm 
GAP [nm] 
Q
-f
a
ct
o
r 
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and a coupling gap of 300nm. For this configuration, a Q-factor value of roughly 
7·10
4
 and a FSR of 28 nm have been demonstrated by employing a commercial 
software implementing the FDTD algorithm. Also, the cavity supports higher 
order modes up to the second radial order. 
The same FDTD based software has been used as tool for the evaluation of the 
resonator modal volume Vc, whose value is equal to 3·10
-19 
as reported in the bar 
plot of Fig. 19. A refractive index monitor and a field profile monitor have been 
employed to collect data concerning material permittivity and electric field in 
order to solve Eqn. (28) in a 3D environment.  
Thus a Q/Vc ratio roughly of 10
23
 [m
-3
]
 
has been obtained and the theoretical 
resonator LOD (Eqn. (36)) has been calculated to be roughly equal to 24.9 nm for 
a field distribution at the interface close to unity, a background refractive index 
equal to unity (air) and an NP refractive index equal to 1.59 RIU.  
The latter value is the one associated with polystyrene NP, widely employed to 
emulate the presence of virus or proteins to be detected, as previously indicated. 
Different NPs (in terms of size and nature) have been placed within the resonator 
outer periphery, i.e. where the optical field propagating as whispering gallery 
mode is more confined and the field distribution function achieves its maximum 
value.  
 
 
(A)  
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(B) 
 
(C) 
 
Figure 22. (A) Hybrid resonator geometry. (B) Electric field intensity at 
resonance and (C) first order radial mode field intensity at the resonator outer 
interface in an unperturbed condition. 
 
For a fixed NP refractive index (n=1.59 RIU), NPs having a radius in the interest 
range [30:100] nm have been assumed as testing elements. 
The cavity electromagnetic response in presence of the scattering NP has been 
then simulated to validate the theoretical investigation.  
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(A) 
 
 
 
(B) 
 
 
 
(C) 
 
 
 
(D) 
 
Figure 23. Resonator transmission spectrum in an unperturbed condition (A) and 
in presence of a spherical scatterer (B-D). All the curves are referred to the 
unperturbed condition. 
 
A Matlab predictive code based on Eqn. (26) has also been implemented to 
evaluate the response of the cavity to the presence of a single NP. The theoretical 
transmission spectrum has been calculated by moving both NPs refractive index 
and nominal radius value and a Monte Carlo simulation has been performed by 
adding a source of noise to the estimated NP radius in order to emulate a more 
realistic scenario where unmodeled dynamics exist. This source of noise has been 
assumed to have a Gaussian distribution, with mean value equal to NP nominal 
radius and variance σ2 = 0.1. 
A comparison of attained results in terms of mean value and standard deviation of 
predicted and simulated cavity response is presented in Fig. 23. Nanoparticle 
refractive index has been moved in the range 1.5 : 1.59 RIU, while the radius in 
the range 30 : 100 nm as previously indicated.  
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(A) 
 
(B) 
Figure 24. (A) Nanoparticle radius estimation calculated theoretically calculated 
in a MATLAB environment, (B) FDTD results. 
 
As from Fig. 24, the designed cavity response to the presence of a single NP fits 
the predicted data when NP radius is small. An estimation error increasing with 
NP radius is visible that reaches the 20% value for a 100 nm nominal radius NP. 
A plausible explanation of this effect is associated to the interaction between the 
second order radial mode propagating within the cavity and the splitting doublet.  
More the NP radius increases, more the splitting doublet is broadened due to the 
relation between NP polarizability and splitting doublet spacing, i.e. g  , up to 
coupling to the higher order mode and exchanging energy with it. Also the higher 
order mode, indeed, suffers from the splitting phenomenon as depicted in Fig. 25 
where the transmission spectrum of the hybrid resonator interacting with a 100 nm 
radius PS NP is plotted. 
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Figure 25. Transmission spectrum of the resonator interacting with a 100 nm 
radius polystyrene NP.  
 
In absence of higher order radial mode, i.e. by employing a ring resonator based 
cavity, better results in terms of estimation error are obtained when NP nominal 
size is increased. A comparison between the hybrid and the ring resonator 
response is presented in Fig. 26. 
 
 
Figure 26. Comparison of hybrid and ring resonator in NP sizing operation. 
 
The ring resonator improves the detection of NPs having a big size in terms of 
reduction of the error associated to the size estimation, but lacks of accuracy in 
sizing of small NPs. 
A comparison between the two hybrid configurations supporting only the second 
order radial mode shows that the mode spacing characterizing the hybrid 
resonator with 1 μm wide annulus (see Fig. 27) is higher than the 750 nm one. 
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This peculiarity is suited to verify if an improvement in big size NPs detection 
could be reached by employing a different hybrid cavity. 
 
 
Figure 27. Overlapping of transmission spectrum curve of two hybrid resonators 
having a different annulus width. 
 
Thus electromagnetic field simulations have been run to evaluate the cavity 
response in presence of a PS NP. Data are showed in Fig. 28 where the errorbar is 
indicating the estimating error.  
 
Figure 28. PS nanoparticle sizing by employing a hybrid cavity having a 1μm 
wide annulus. 
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An improvement in the estimation of NPs radius has been thus achieved with a 
hybrid resonator having an annulus width of 1 μm, coupled in a lateral 4 port 
configuration to two distinct waveguides.  
Despite so far investigated cavities having spherical or toroidal shape and having 
an outer radius value about ten times larger than the one here chosen and a Q-
factor one or two orders of magnitude higher than the one of the hybrid cavity, the 
designed resonator shows a good sensitivity to NPs detection and a LOD of 30 nm 
in terms of minimum detectable radius as theoretically predicted.  
 
5.4 DISCUSSION 
 
As reported in Chapter 4, splitting property of WGM in presence of a structural 
defect within the cavity could also be employed for NPs investigation. 
The introduction of a notch on the outer periphery of a microring resonator in four 
ports configuration has, indeed, also been suited as possible investigative method 
for NPs detection (see Fig. 29 (A)) according to [27]. As theoretically predictable, 
the presence of a notch induces a modal splitting due to the local perturbation 
experienced by light propagating according to WGM physics. If a NP is placed 
inside the notch, the splitting doublet yet existing will be subjected to a red shift in 
presence of a dielectric NP, or it will shift toward the blue region of the 
electromagnetic spectrum if NP constituent material is a metal. This is due to the 
value assumed by the real part of the refractive index of dielectrics and metals 
which is lower than unity for these latters.  
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(A) 
 
 
(B) 
Figure 29. (A) Schematic of a notch ring resonator. (B) Resonator spectral 
response in presence of a PS and Au NP. 
 
A similar study has been performed by employing the hybrid configuration (ΔR = 
750 nm). In both the configurations, notch size has been chosen in order to weakly 
perturb mode propagation (a depth of 100 nm has been assumed). 
As previously demonstrated, the Q-factor and the extinction ratio ER of the hybrid 
configuration are higher than the ones of ring configuration for an unperturbed 
cavity (i.e. in absence of defects). Thus, the splitting phenomenon is enhanced as 
visible by comparing Fig. 29 (B) with Fig. 30 (B). 
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(A) 
 
(B) 
Figure 30. (A) Schematic of a notch hybrid ring resonator. (B) Resonator spectral 
response in presence of a PS and Au NP. 
 
The introduction of a structural defect within the cavity and the insertion of the 
NP within the defect only leads to the identification of NP nature in terms of 
matter properties, i.e. dielectric or metal. This identification relies on the 
evaluation of the shift direction experienced by the splitting doublet yet generated 
by the presence of the structural imperfection. As from Figures 29 and 30, 
discriminating the nature of the NP does not require the employment of a 
resonator having stringent conditions on the Q-factor and Vc value.  
 
5.4.1 HYBRID RING RESONATORS ADVANTAGES 
 
The choice of employing an hybrid configuration as sensitive element for NPs 
detection relies on different potential advantages it could lead to. Not only a very 
small modal volume is achievable (as in the microring or microdisk 
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configuration), but also a high mode confinement along the outer cavity interface 
due also to the choice of the technology. 
Another benefit with respect to the classical ring configuration relies on the 
reduction of sidewall roughness loss associated with the interaction between the 
inner sidewall and the mode energy; this way, only the outer sidewall loss will 
affect light propagation.  
If, indeed, the ring is no more a circularly closed bus waveguide, but its width is 
bigger than the one of the coupling waveguide, the mode propagating within the 
resonator will be confined only along a sidewall, experiencing a loss reduction. 
This way, a higher tolerance during the etching phase of fabrication process is 
allowed.  
As yet reported in Chapter 3, sources of loss affecting resonator Q-factor and 
extinction ratio ER are different, including substrate leakage, bending loss in the 
waveguide, coupling loss between waveguides and ring resonator and radiation 
loss at etched waveguide sidewalls. Although a strong confinement of the mode in 
a Si wire can be reached, the exponential tail of the mode decaying into the 
substrate causes substrate leakage. This loss can be reduced by increasing mode 
confinement, i.e. increasing waveguide section in the limit of single mode 
operation that means to employ a wire having a width less than 600 nm in SOI 
technology [28].  
Bending loss can be optimized by optimizing the bending radius, i.e. by detecting 
the radius critical value below which loss have no more a linear behavior.  
Coupling loss and coupling efficiency, as stated before, are related to the gap 
existing between the straight and the circular waveguide and can be well managed 
by employing an add-drop or a racetrack configuration.  
Scattering or radiation loss due to the etching process at resonator sidewalls, 
instead, can be reduced by employing etchless silicon photonic waveguides [29] 
which are characterized by ultra-smooth sidewalls induced by selective oxidation. 
Alternatively, an opportune design of the device can lead to a decrease of the 
interaction between the inner sidewall and the mode energy. This way, only the 
outer sidewall loss will affect light propagation. The latter is one of the ideas 
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ruling the choice of the hybrid configuration as resonant cavity biochemical 
sensor. 
In addition, the inner part of the hybrid resonator can be filled with the analyta to 
be investigated and a good sensitivity in terms of resonance wavelength shift can 
be achieved, as described in the followings. 
 
5.4.2 BIOLOGICAL SENSING: GLUCOSE CONCENTRATION 
 
The designed cavity has also been tested in terms of sensitivity and detection limit 
for glucose concentration detection purposes. A liquid solution containing glucose 
disperse in a certain concentration ranging from 0 to 180 g/l has been assumed as 
testing sample due to the availability of experimental data concerning the optical 
properties of a glucose solution. 
The following dependence between the average refractive index of the solution 
ng/l and the glucose concentration C has been assumed: 
 
/ ( ) ( )  g ln a C b  (54) 
 
where a and b are two parameters related to the change of refractive index as 
function of glucose concentration (a(λ) = dn/dC) and the refractive index of the 
buffer solution (i.e. water), respectively. They are both function of the incident 
wavelength. 
Water refractive index at λ = 1550 nm, which is the wavelength of interest, is 
equal to 1.3101 RIU and coincides with the b(λ) value, while the a(λ) value is 
assumed to be 1.189 ·10
-4
 according to [30] and [31]. 
The resulting refractive index of samples containing a glucose concentration 
ranging from 0 to 180 g/l is reported in Table 5. 
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Table 5. 
C [g/l] n C [g/l] n 
0 1.3101 100 1.32199 
20 1.312478 120 1.324368 
40 1.314856 140 1.326746 
60 1.317234 160 1.329124 
80 1.319612 180 1.331502 
 
Two different detection schemes have been employed. First the presence of a fluid 
filling the cavity inner part has been simulated in order to test the detection ability 
of the device to act contemporary as sample container and sensor.  
The employment of a 1000 nm wide annulus cavity filled with water shows that 
the fundamental mode, whose evanescent tail does not directly interact with 
water, experiences a shift of 20.47 pm, showing a sensitivity of 670 pm/RIU. The 
higher order mode, instead, is wavelength shifted of 703 pm when the medium 
filling the cavity is water rather than air. Resonator transmission curve is reported 
as an overlapping curve in Fig. 31 (B). 
 
 
 
(A) 
 
 (B) 
Figure 31. (A) Schematic of the inner part of cavity filled with water. (B) 
Transmission curve 
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Then surface sensing has been employed as sensing scheme. It has indeed been 
assumed the whole cavity surface to be activated and functionalized via the GOD 
enzymes in order to potentially detect only glucose (β–D-glucose) as analyte. 
GOD immobilization on commercial Si wafers has been demonstrated by 
employing conventional methods [32]. GOD refractive index has been assumed to 
be equal to 1.45 RIU which is the average RI value of proteins at λ = 1550 nm 
[33]. Effective index change as function of the immobilized layer thickness has 
been investigated, as reported in Fig. 32. 
 
 
Figure 32. Cavity effective index change as function of thickness of immobilized 
receptors layer. 
 
Following anyway theoretical and experimental investigations, a receptors layer 
thickness of 10 nm has been assumed. With these hypothesis, FDTD simulations 
have been run and a linear redshift of resonant wavelength has been observed as 
depicted in Fig. 33. Also cavity Q-factor and ER value degrades from 1.7·10
5
 to 
1.08·10
5
 and from 23.37 dB to 21.97 dB, respectively. 
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(A) 
 
 
(B)  
Figure 33. (A) Schematic of the cavity. (B) Overlapping of resonator 
transmission curve obtained changing glucose concentration in solution. 
 
The device analytical sensitivity, as defined in Chapter 2, has been calculated to 
be 553 nm/RIU by fitting data with a linear algorithm. This way also the sensor 
calibration curve (see Fig. 33) has been obtained. The minimum detectable 
effective index change has been estimated to be 10
-6
 RIU with a wavelength shift 
of 2 pm. This value of 10
-6
 RIU defines the sensor LOD.  
 
Figure 34. Glucose sensor calibration curve. Data have been fitted with a linear 
function y = p1x + p2, where p1 =553.4 and  p2 = 0.014.  
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The designed hybrid resonator offers thus the advantages of high Q-factor and low 
modal volume Vc that have been suited for biochemical sensing. The versatility of 
the proposed cavity, indeed, allows to detect a single NP with a size down to 30 
nm and to investigate glucose concentration in solution, showing a sensitivity of 
more than 500 nm/RIU, a LOD of 10
-6
 RIU and a potential selectivity induced by 
the molecular immobilization technique.  
In the examined scenario, GOD immobilization on the sensor surface is the 
critical step for optimizing device performances. If the analyta to be detected is 
indeed contained in a complex solution such as blood, a big relevance is assumed 
by the employment of the opportune molecular receptors.  
 
5.4.3 CHALLENGES: ON CHIP PLATFORM 
 
Due to the versatility of the proposed hybrid cavity, it could be employed as 
sensitive element in a more complex platform. Its sensitivity make it a good 
candidate for biosensing applications devoted to the refractometric detection of 
the concentration of analytes in a complex solution. A possible on chip 
configuration for a high throughput and multianalyte detection relies on the 
employment of an array of resonant cavities interacting with a single nano-fluidic 
channel, as reported in Fig. 35. The surface of every resonator should be 
chemically modified with the receptors that specifically bind to the interest 
analyta in the complex solution.  
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(A) 
(B) 
Figure 35. Schematic of the proposed configuration in (A) prospective and (B) 
top view. 
 
As evident from Fig. 35, a pressure driven flow based pumping technique has 
been hypothesized. It relies on creating a pressure gradient by modifying the 
channel section according to Bernoulli‟s principle. The outlet channel section 
should also be chosen in order to slow the solution flow and so to increase the 
time the analyta interacts with the functionalized resonator surface. A real time 
analysis of molecular interactions indeed takes several seconds as reported in 
different experimental works [34]. 
At the same time, the proposed cavity could be suited to detect the presence of 
NPs by addressing the fluid to be investigated toward an opportune sensing area 
on the resonator surface. Properly, a microfluidic apparatus aimed to drive 
nanoparticles toward the sensing area of the microresonator should be carefully 
designed. The pumping mechanism capable to flow the fluid sample containing 
beads into the cavity could rely on the employment of a vertical optofluidic 
structure composed by two planes interacting via an auxiliary channel. The latter 
should indeed flow the sample from the primary channel (situated on the top 
plane) into the sensing area (in the lower plane). Since particle size plays an 
important role in the determination of their toxicity, a flat sheet membrane could 
be employed in order to filter beads (nanoparticles or viruses) flowing from the 
primary microfluidic channel to the resonator. This will allow only particles 
having a size smaller than the one of membrane pores to flow through the 
membrane and to reach the sensing area. Also, channel dimensions (as stated by 
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fluid dynamics laws) should be set up in order to get an opportune sample flow 
rate inside the microfluidic channels and regulate the interaction time between 
nanoparticles dissolved in the sample and the microresonator. 
The size of the vertical channel should also be designed in order not to perturb the 
microresonant cavity optical properties, i.e. its effective index and modal 
distribution.  
A low sample volume consumption is achievable due to the reduced cavity size.  
 
 
Figure 36. Schematic of the optofluidic proposed cavity. In the inset a the 
permeation of the fluid through the membrane is depicted. 
 
5.5 CONCLUSIONS 
 
A method for NPs detection and sizing has been analyzed. It relies on the 
coupling of CW and CCW travelling wave modes propagating within a WGM 
based cavity occurring when light is perturbed along its path by the presence of a 
scattering element, i.e. a NP or surface roughness. On the basis of the analytical 
formulae modeling the resonator-NP interaction, some criteria for designing a 
planar cavity for single NP detection have been deduced and a cavity with a high 
Q-factor, a low modal volume Vc and a high extinction ratio ER value has been 
designed and tested for NPs detection and sizing by employing an FDTD method 
based commercial software. NPs having a radius in the range 30 : 100 nm have 
been employed as testing elements and the estimation error in NP sizing is in the 
order of 2%. The sensitivity of the cavity has also been investigated in terms of 
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glucose concentration detection in solution. The refractometric detection scheme 
has been employed and an analytical sensitivity of about 550 nm/RIU and a LOD 
of 10
-6
 RIU have been measured. Thus the designed cavity is a versatile device for 
biosensing applications, i.e. for NP detection and sizing and analyta concentration 
detection, and could be employed in a biosensing platform on chip  
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Chapter 6. 
INTERFEROMETRIC 
REFLECTANCE IMAGING 
SENSOR BASED 
NANOPARTICLE 
DETECTION 
 
 
 
 
 
Microscopes are usually used to image micron sized objects as their name 
suggests. In recent years, several microscopy techniques have been developed to 
characterize nano-scale particles [1-5]. In particular, the Interferometric 
Reflectance Imaging Sensor (IRIS) has been successfully demonstrated for 
material specific detection, sizing and shape determination of single NPs [6-10]. 
However, this technique has been limited to end-point measurement due to the 
sample preparation process and its measurement procedure. In this chapter we 
demonstrate that this technique can also be implemented in real-time enabling 
sensitive measurements to be performed in order to understand important dynamic 
behavior of biological processes. 
This chapter is organized as follows: first the basic principle of the IRIS is 
discussed. Then a way to improve the detection capability of the technique is 
proposed. It relies on the employment of solid immersion lens (SIL) technology 
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and on the confocal detection. After developing the theoretical foundations of the 
proposed method, the optimized operation conditions of the sensor are identified 
in terms of detection limit.  
 
6.1 BASICS OF INTERFEROMETRIC MICROSCOPY FOR NANOPARTICLE 
DETECTION 
 
The main idea forming the basis of IRIS for NP detection is based on coherent 
mixing of the weak scattered light from NPs with a strong reference light through 
using an optimized layered dielectric substrate on which the nanoparticles are 
either immobilized specifically or adsorbed on the surface due to electrostatic 
interaction. During the measurement this substrate is illuminated with a coherent 
or incoherent light source (i.e. a laser or an LED, respectively ); then the scattered 
light from NPs and reference light originated from the substrate are detected by a 
single element or an array based photoreceiver (i.e. a photodiode or CCD, 
respectively). 
A schematic of a setup based on incoherent illumination and projection of the 
image into an array detector is depicted in Fig.1. 
 
Figure 1. Schematic of setup based on incoherent illumination. 
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As previously indicated (see Chapter 5) the intensity of light scattered by a small 
spherical NP in the electrostatic approximation is proportional to the 6
th
 power of 
particle radius. Thus, intensity of scattered light at the detector Idet is directly 
dependent on particle size, due to relations: 
 
2 2 2 6
det   scaI E K r  (1) 
 
In Eqn. (1),  is NP polarizability, K is the Clausius-Mossotti coefficient and r is 
NP radius, as defined in the previous Chapter. 
Due to the strong size dependence (r
6
), the scattered light intensity quickly 
vanishes for small NPs below the noise floor of the camera or detector. 
 
In the IRIS, this difficulty is overcome by mixing the weak field scattered by NP 
with a stronger reference field reflected at the reference interface (for example, the 
substrate over which the NP is located). 
In Fig. 2, the basic principle of interferometric detection is shown. 
Since the total field can be expressed as the sum of scattered Esca and reference 
field Eref, the intensity at the detector can be found as follows: 
 
2 2 2
det 2 cos    ref sca ref sca ref scaI E E E E E E  (2) 
 
Where  is the phase difference between the reference and the scattered field. 
The third term represents the interferometric mixing term which is proportional to 
r
3
. Thus, the strong dependence of the scattered field on the size of the particle is 
reduced and the weak scattered field amplitude (|Esca|) is also amplified by the 
strong reference field amplitude (|Eref|). 
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Figure 2. Interferometric detection. 
 
In this study, we devise several methods to improve the current state-of-the-art 
interferometric microscopy for NP detection. Studies conducted so far on this 
interferometric microscope are based on widefield illumination and detection (Fig. 
1), i.e. the sample is illuminated by an extended uniform light beam and the 
corresponding signal is detected from an extended area of the sample [6-10]. 
We first demonstrate that an improvement of the set-up can be realized by 
adopting a different microscope scheme based on the confocal detection of the 
interferometric term shown in Eqn. (2). In a confocal IRIS a laser beam is focused 
on a NP and resulting scattered and reference light is collected and focused on a 
point photodetector as shown in Fig 3.  
 
Figure 3. Confocal microscopy scheme. 
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The advantage of using confocal scheme is that the spatial resolution and 
detection bandwidth for per particle can be improved significantly in principle in 
order to investigate fast bio-processes occurring at the single nanoparticle limit. 
Secondly, we study the details of how a SIL can improve the detection limit and 
sensitivity of this NP detection scheme through increasing the numerical aperture 
(NA) of the microscope. The SIL attached to the backside of the chip thus also 
allows performing dynamic detection in a real-time as the optical aberrations are 
eliminated between the objective and its focal plane where NPs are captured. 
We here perform a rigorous theoretical analysis of such configuration of the IRIS 
in order to optimize the operating conditions and understanding its limits. 
The configuration employed to model the system is a 4f configuration, i.e. two 
lens are interposed between the object plane and the image plane as depicted in 
Fig. 4 [11].  
 
Figure 4. Four f configuration. 
 
The analytical approach followed is at first the evaluation of the focused incident 
field; then the interaction between the incident light and the single NP in the 
electrostatic approximation (see Chapter 5), i.e. by assuming the NPs acting as 
dipole scatterers, has been calculated. 
After this primary study, the Angular Spectrum Representation (ASR) is 
employed as the mathematical instrument useful to model the reference and the 
scattered field in the object space (the one containing the NPs and the substrate) 
and then to propagate them into the image space (the one containing the detector). 
This last step completes the mathematical model of this imaging system. 
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Figure 5. Schematic of the analytical approach followed during this study. 
 
Here a brief description of ASR is given to clarify the analytical method that lays 
in the center of this investigation. A more detailed explanation can be found in 
[11-14]. 
 
6.2 ANGULAR SPECTRUM REPRESENTATION  
 
The ASR is an analytical technique useful to describe electromagnetic fields in 
homogeneous media as superposition of plane and evanescent waves.  
This method is widely employed to model the propagation of a beam through a 
lens or a planar or spherical interface and it is a fundamental instrument in this 
study.  
Assuming the electric field at a point r=(x,y,z) in the object space, i.e. E(r) = 
E(x,y,z), the ASR enables to calculate the field in a plane z= constant (usually in 
the plane (x,y, z=0)) perpendicular to the propagation axis. 
The procedure employed to derive the ASR of the E-field consists, first, in 
defining the Fourier representation of E(r): 
 
^
( )
2
1
( , ; ) ( , , )
4

 

  
x yi k x k y
x yE k k z E x y z e dxdy

 (3) 
 
Where (x,y) are the Cartesian coordinates in the transverse plane, while (kx, ky) are 
the corresponding spatial frequencies.  
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In the hypothesis that the medium in the transverse plane is linear, isotropic, 
homogeneous and source-free, the time-harmonic optical field has to satisfy the 
vector Helmholtz equation: 
 
 2 2 ( ) 0  k E r  (4) 
 
Here, k is the wavenumber, i.e. k=(2/)*n), and n is the index of refraction of the 
medium, i.e. n=()1/2. 
Since the expression of the spatial frequency along z-axis is: 
 
2 2 2( )  z x yk k k k  (5) 
 
With Im{kz}  0, after inserting Eqn. (3) in (4) and by employing (5), the 
following relation between Fourier spectrum of E-field in two different planes is 
derived: 
 
^ ^
( , ; ) ( , ;0)
 zik zx y x yE k k z E k k e  (6) 
 
The exponential term in Eqn. (6) is called propagator in reciprocal space since it 
allows to calculate the Fourier spectrum of the E-field in a z-constant plane (that 
we assume as image plane) by knowing the F-spectrum in another plane at z=0 
(object plane).  
The sign  is associated to the propagation direction: if the wave is propagating in 
the half space with z>0, the + sign has to be considered; while the – sign denotes a 
wave propagating into the half-space z<0. 
Defining the inverse Fourier transform of the E-field as: 
 
^
( )
( , , ) ( , ; )



  
x yi k x k y
x y x yE x y z E k k z e dk dk  (7) 
 
And inserting Eqn.(6) in (7), the ASR of the E-field is found: 
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^
( )
( , , ) ( , ;0)

 

  
x y zi k x k y k z
x y x yE x y z E k k e dk dk  (8) 
 
The term Ê is called angular spectrum since it describes the amplitude and the 
propagation directions of the different waves (plane and evanescent) composing 
the field.  
The wavenumber kz can indeed be real or imaginary, turning the propagator in 
reciprocal space into an oscillatory or exponentially decaying function defining 
either a plane or an evanescent wave, respectively, as resumed in Fig. 6.  
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exp(i[kxx+kyy])*exp(i|kz|z) kx
2 + ky
2 ≤ k2 
EVANESCENT 
WAVES 
exp(i[kxx+kyy])*exp(-|kz|z) kx
2 + ky
2 > k2 
 
Figure 6. Graphical representation of the nature of a wave according to the 
condition satisfied by the spatial frequencies. 
 
 
6.3 ANGULAR SPECTRUM REPRESENTATION OF A FAR FIELD 
 
Mapping a field, whose distribution is known in a plane z =0 (object plane), into 
another plane z = z0 (image plane)(where z0 >> 0), requires to evaluate the field in 
a point r far from the object plane.  
The field to be calculated is named far-field and will be indicated in the 
followings as E. 
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By defining r as the distance of the observation point r from the origin, i.e. r
2
 = 
x
2
 + y
2
 + z
2
, a dimensionless unit vector s = (sx, sy, sz) can be employed in the 
direction of r in order to calculate the double integral of Eqn. (6), i.e. s = (x/r, 
y/r, z/r): 
 
2 2 2
^ ( )
( )
( , , ) lim ( , ;0)
 


 
 
yx z
x y z
x x
kk k
ikr s s s
k k k
x y z x y x y
kr
k k k
E s s s E k k e dk dk  (9) 
 
The integration range is reduced to plane waves since evanescent waves do not 
contribute to the fields at infinity due to their exponential decaying behavior. 
By employing the method of stationary phase and the rules of geometrical optics 
[12], [15], Eqn. (9) can be reduced to: 
 
^2
( , ) ( , ;0)  
ikr
z
x y x y
i k e
E k k E k k
r

 (10) 
 
By expressing the Fourier spectrum Ê in terms of far-field, Eqn. (8) becomes: 
 
2 2 2
( )
( )
1
( , , ) ( , )
2

 

 
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x y z
x x
ikr
i k x k y k z
x y x y
zk k k
ire
E x y z E k k e dk dk
k
 (11) 
 
Equation (11) is the angular spectrum representation of the far-field in the image 
plane.  
This description has a purely theoretical nature and it is not related to a realistic 
optical problem, i.e. neither the way the fields propagate from the object to the 
image space, neither their nature have been defined so far.  
Thus, a brief description of the propagation of a paraxial optical field through a 
focusing optical element, i.e. a lens, will be given.  
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6.4 FIELD FOCUSED BY AN APLANATIC LENS 
 
An aplanatic lens (see Appendix 2) will be assumed as focusing element, i.e. a 
lens that corrects on-axis wave-front aberrations in an imaging system. Some 
Geometrical Optics (GO) rules are followed to describe an aplanatic lens, known 
as sine condition and intensity law rules. The main assumption of GO is that 
energy is transported along light rays. 
The sine condition rule states that every optical ray emerging from (or converging 
to) the point of focus F of an aplanatic lens intersect its conjugate ray* on a 
sphere, called Gaussian reference sphere, having radius f equal to the focal length 
of the lens.  
The intensity law is instead related to the principle of conservation of energy. It 
states that the energy incident on an aplanatic lens equals the energy that leaves 
the lens. 
According to these rules, whose more exhaustive explanation can be found in 
[12],: 
 An aplanatic lens can be modeled as a spherical surface having radius f; 
 Incident rays are refracted by the reference sphere and it results more 
convenient to express their components in spherical coordinate system 
(,); 
 The lens modifies the incident field into the refracted field according to the 
intensity law: 
 
cos( ) incr inc
r
n
E E
n
  (12) 
 
In Eqn. (12) magnetic permeability has been neglected since its value is 
unitary at optical frequency in all media.  is the angle between the 
refracted ray and the optical axis, ninc is the refractive index of the medium 
in which the incident field is propagating, while nr is the index of the 
medium after the lens. 
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Figure 7. Aplanatic system described through geometrical optics. 
 
Since it results more convenient to model refraction at reference sphere by 
splitting the incident field Einc into two components, denoted as Einc
s
 and Einc
p
, unit 
vectors of a cylindrical coordinate system n and n are used to characterize the 
field components: 
 
    
s p
inc inc inc inc incE E n E n E E  (13) 
 
Properly, s stands for s-polarization (the E-field component is parallel to the 
interface) and p for p-polarization(the E-field component is perpendicular to the k-
vector and to the interface).  
By employing the following matrix transformation to express unit vectors of 
cylindrical and spherical coordinates in Cartesian coordinates: 
 
cos sin 0
sin cos 0
cos cos cos sin sin



 
 
    
     
      
     
          
x
y
z
n n
n n
n n
 (14) 
 
And the following relations ( and  are the coordinates at the focal plane): 
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(17) 
 
the ASR of the focal field, i.e. the field in proximity of the focus F, can be 
expressed as 
 
max 2
cos sin cos( )
0 0
( , , ) ( , ) sin
2
 
          



  
ikf
ikz ikikfeE z E e e d d  (18) 
 
Where E is the field on the reference sphere of the focusing lens. The integration 
over  is limited to the semi-angular aperture max of the lens, which defines 
objective numerical aperture NA* according to the relation: 
 
maxsinNA n  (19) 
 
Where n is the refractive index of the medium interposed between the focusing 
lens and its focus, as depicted in Fig. 8. 
 
*Numerical Aperture NA. It is a parameter used in optics to define the acceptance cone of a microscope, i.e. its 
ability to gather light. Its value influences also the resolution of the microscopy system. 
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Figure 8. Objective numerical aperture. 
 
6.5 FIELD FOCUSED NEAR A PLANAR INTERFACE 
 
Many applications in optics, including confocal microscopy, are based on the 
employment of a laser beam strongly focused on a planar interface. 
When a field impinges on an interface, according to the incidence angle and the 
nature of the media of incidence and transmittance, a portion of the field is 
transmitted, while another portion is reflected. 
 
Figure 9. Reflected and transmitted component of the E-field, for both 
polarizations. 
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Reflection and transmission at the interface here have be modeled through Fresnel 
coefficients [16], defined for every polarization as: 
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In Eqn. (20), r
s
 and r
p
 are the reflection coefficients for the s- and p-polarized 
component of the incident field, respectively; while t
s
 and t
p
 are the equivalent 
transmission Fresnel coefficients. The terms kz1 and n1 are, respectively, the z-
component of the k-vector and the refractive index of the incidence medium, 
while kz2 and n2 are associated to the transmittance medium, as depicted in Fig. 9. 
When more than one interface is present, i.e. the field is propagating though 
different material layers, generalized Fresnel coefficients are employed. Their 
analytical expression and their derivation can be found in [16].  
Here we report reflection and transmission coefficients of a single layer of 
thickness d since these formula will be of major interest to the NP detection 
problem later: 
 
2
2
2
2
2( , ) ( , )
1,2 2,3( , )
2( , ) ( , )
1,2 2,3
2( , ) ( , )
1,2 2,3( , )
2( , ) ( , )
1,2 2,3
1
1





z
z
z
z
i k dp s p s
p s
i k dp s p s
i k dp s p s
p s
i k dp s p s
r r e
r
r r e
t t e
t
r r e
 (21) 
 
 
- 163 - 
 
In the followings it is assumed that the incident filed Einc is polarized along the x-
axis, the propagation direction is z and the interface is located at z = z0 as depicted 
in Fig.10.  
 
 
Figure 10. Incident field focused near an interface between two media (n1 and n2). 
 
Thus: 
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By expressing the E-field in cylindrical coordinates, according to Eqn. (14) 
[where the inverse matrix needs to be calculated], we get: 
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Which represents the field impinging on the lens. The intensity law and an 
additive coordinates transformation (cylindrical->spherical) are employed to 
calculate the field refracted by the lens: 
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Refracted field can be expresses in Cartesian vector components in terms of 
spatial frequencies: 
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In Eqn. (25), the first terms in the square brackets specify the s-polarized field, the 
second terms the p-polarized one. n0 and n1 are the refractive indexes of the 
medium before and after the lens, respectively. 
Reflected Er and transmitted Et field are calculated by employing the boundary 
condition z = z0 and the Fresnel reflection and transmission coefficients for a 
single interface (Eqn. (20). 
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In Equations (26) and (27), the field is dependent on the amplitude E0 of the 
incident field (paraxial by hypothesis) and on the defocus z0, i.e. the distance 
between the interface and the focus point F.  
The exponential term in Eqn. (27) is known as spherical aberration function. 
Spherical aberration is indeed introduced in the imaging system when an interface 
between two materials having mismatching indices is present, as it is well 
described in [17] and defocus is not null. 
The ASR of Equations (25)-(27) allows evaluating the field distribution near a 
plane interface illuminated by a strongly focused laser beam. 
Results found so far are related to the field in the object space, i.e. the field that in 
the investigated system S has to be propagated through a set of lens toward the 
image space to be visualized on a CCD camera. 
In Fig. 11 (A) a sketch of the set-up to be investigated is reported. The 
geometrical equivalent structure is depicted in Fig. 11 (B). 
 
  
(A) 
 
(B) 
Figure 11. (A) Schematic of the investigated set-up. (B) Equivalent geometry. 
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As illustrated, a linearly polarized field impinges on a beam-splitter where it is 
reflected toward a high NA lens objective and focused on an interface between 
two dielectric media. The field reflected by the interface is then collected by the 
same lens and propagates toward the beam-splitter which transmits it to a second 
lens, having focal length f‟, useful to focus the field on the photodetector. 
In next paragraph, the analytical model of the propagating field is presented 
according to [12]. 
 
6.6 FIELD IN THE IMAGE SPACE 
 
As indicated previously, Eqn.(26) describes a field that, after passing a focusing 
lens having focal radius f, is reflected on an interface between two media having 
mismatching indices.  
Starting from the representation of the same field in spherical coordinates, and 
considering its refraction at the same lens f, the following expression is obtained : 
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Which represents the field propagating as a collimated beam in the negative z-
direction. 
The field is then refracted at the second lens (tube lens) f‟ and with a new azimuth 
angle ‟ and focused on the detector. 
A transformation of coordinates (cylindrical->spherical) and the intensity law are 
applied to the field of Eqn.(24).  
The resultant field, expressed in Cartesian field components, is 
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That constitutes the far-field to be introduced in Eqn. (18) in order to calculate the 
field on the focal plane (the plane of the detector).  
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In order to simplify the expression and solve the double integral of Eqn. (30), 
some useful relations are employed: 
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Equation (26) becomes: 
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Due to the relations: 
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where Jn(x) is the Bessel function of n
th
 order, the insertion of Eqn. (35) into the 
inner integral of manipulated Eqn. (30) gives: 
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Here x = k3  sin f/f’. The ratio f/f’ can also be expressed as function of the 
transverse magnification M = (n/n’)(f’/f). 
The field in the image plane can thus be expressed in the ASR formalism by 
employing the diffraction integrals I0t and I2t as: 
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Where the incident field has been assumed to be a fundamental Gaussian beam, 
defined as E0 = E00 f() where E00 is the field amplitude and f() is the 
apodization function, defined as: 
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The term f0 is known as filling factor and it is equal to the ratio between beam 
waist radius and the aperture radius of the lens.  
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In Fig. 12 the field distribution in the image plane of a strongly focused spot has 
been plotted, i.e. Eqn. (35), by assuming a filling factor f0 = 2, an NA = 1.4 with n 
= 1.518 for the primary focusing objective lens, a green light source ( = 525 nm), 
and a magnification M = 50. The correspondent max value is 67,26°, that is the 
critical angle for total internal reflection. The considered situation is the one of 
glass-air interface, i.e. n1 = 1.518 RIU > n2 = 1. 
 
 
 
z0 = - /4 
 
z0 = 0 
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z0 = + /4 
 
Figure 12. Images obtained by moving the defocus z0 in the range [-/4, 0, /4]. 
Label on both axes is the number of pixels. The field is indeed calculated for 
every (,) point. 
 
The results obtained so far represent the case where there is no NPs in the focus of 
the microscope, i.e. the reference field in the absence of particle. Next we will 
focus on the image if there is a NP in the focus of the microscope. 
 
6.7 BACK-SIDE ILLUMINATION MODELING 
 
Despite standard front side-illumination, back-side allows us to perform real-time 
measurements since the imaging operation can be performed while the sample is 
flown in a solution.  
An additive benefit associated to the employment of back side illumination comes 
from the opportunity to use solid immersion lens (SIL) technology to improve the 
detection limit and sensitivity of the imaging system [11].  
 
Also, in the model a layered substrate rather than a single layer has been assumed 
in order to be able to optimize the interferometric response of the NP through 
using a spacer layer to tune the phase between the scattered and reference field 
[9], [10], i.e. the cosine term in Eqn. (2). 
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The imaging process to be modeled is also known as subsurface imaging 
modeling. In our case, it consists of modeling the field scattered by a spherical NP 
located not in the same space of the illuminating-collecting objective, but 
separated from this by a layered interface.  
The scenario to be modeled, concerning the object space, is the one represented in 
Fig. 13. 
 
Figure 13. Nanoparticle backside illumination schematic. 
 
Since the size of NPs to be detected is much smaller than the wavelength of the 
incident light, NP can be modeled as a scatterer in the electrostatic approximation.  
Three main general steps have been followed in the modeling operation, 
according to [12]: 
 Calculation of the excitation field Eexc, or dipole driving field, in the object 
space 
 Calculation of the interaction between Eexc and the dipolar particle, that 
could be modeled with a linear relationship expressing the dipole moment 
n = (x, y, z) as: 
 
2 ( ) n bck exc nn E r  (40) 
 
Where the double arrow symbol 
↔ 
stands for tensor ( is indeed the 
polarization tensor), nbck is the refractive index of the medium surrounding 
LAYER 2 
LAYER n 
NP BACKGROUND 
LAYER 1 
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the dipole, rn defines the coordinates of the dipolar particle, i.e. rn = (xn, yn, 
zn) in the object space.  
 
 Calculation of the response of dipole in image space: 
 
2
0
( ) 

 PSF n
k
E r G  (41) 
 
Where k is the wave vector and GPSF is the dyadic Green function or 
detection point spread function (PSF)*. 
 
6.7.1 DIPOLE EXCITATION FIELD 
 
In order to calculate dipole excitation field, the ASR of the transmitted component 
(Eqn. (27)) of the incident field has been calculated at the specific dipole position 
rn = (0, 0, zn): 
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The dipole has been assumed to be located at the origin of the object space and 
shifted in the optical axis by zn = d + R (equal to the sum of the thickness d of the 
intermediate layer and dipole radius R). 
As from Eqn. (22), the linearly polarized incident field has a component only 
along the x-axis on the origin where the dipole is located and, consequently, the 
dipole is aligned along the same axis. Transmitted field components along y and z 
results, indeed, zero. 
*Point spread function. It is the diffraction pattern due to a circular aperture, as brought to a focus by a lens. It defines the 
resel, i.e. the resolution element transverse to the optical axis. It is thus a measure of resolution since two self-luminous 
points viewed by a microscope could appear separate only if they are far enough apart for their PSFs to be distinct. 
The PSF has the shape of the Airy function for a circular aperture  
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Tp and Ts are generalized Fresnel transmission coefficients accounting for the 
presence of a layered substrate. For a single layer of thickness d, their expression 
has been defined in Eqn. (18).  
 
6.7.2 DIPOLE SCATTERED FIELD  
 
By employing the field of Eqn. (42), dipole moment n is identified in its only not 
null component. Polarizability is a scalar quantity depending on the physical 
properties of the NP and its dielectric environment as mentioned earlier. 
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The E-field expression employed to define the scattered field is the one 
considering a dipole located near a planar interface, observed in the far-field zone. 
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With x defined in Equations (42-43), r the observation point, 2 and 3 the vector 
potentials of the dipole [12], defined as: 
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With: 
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Where h in Eqn. (45) is the total high of the layered substrate; h = d if a single 
layer of thickness d is present. 
The terms T
pp
 and T
ss
 are Fresnel generalized transmission coefficient, for p- and 
s-polarized field respectively, calculated by assuming as incidence medium the 
one containing the dipole, not the objective. 
The field expressed in Eqn. (44) is the one that is then collected by the primary 
objective lens f, refracted and transmitted to the tube lens f’. 
The same modeling steps employed to calculate the reference field of Eqn. (38) 
have been followed for the dipole field and main results are inserted in next 
subsection. 
 
6.7.3 DIPOLE FIELD IN THE IMAGE SPACE 
 
Refraction of the field at the first and second lens, f and f‟ respectively, imposes 
two changes of coordinate system and the application of the intensity law. 
In order to find the final expression of the dipole field in the image space, the 
diffraction integrals coming from the mathematical analysis of the problem are 
here defined: 
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Where  is the argument of the Bessel functions J0 and J2 and is equivalent to: 
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While the expression of  and  comes from Eqn. (17), and the one of A and B is: 
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The field in the image space of a x-oriented dipole is thus equivalent to: 
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6.7.4 TOTAL FIELD IN THE IMAGE SPACE 
 
The intensity of field collected by the detector is, for the dipole and reference field 
(Eqn.s (38) and (50)): 
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The normalized intensity, or contrast, results to be: 
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6.8 RESULTS 
 
The presence of different substrates have been simulated in order to increase the 
contrast obtained when a specific spherical NP, characterized by a refractive index 
and a radius, has to be detected. 
 
 
- 176 - 
 
6.8.1 DIELECTRIC NPs 
 
A refractive index of 1.5 RIU has been assumed to characterize the dielectric NP 
immersed in two potential fluids, water and air. 
 
Objective numerical aperture NAobj has been assumed to be 0.75 which is 
equivalent to the total NA in absence of a numerical aperture increasing lens 
(NAIL). 
The first investigated configuration is constituted by a substrate of 
sapphire/silicon oxide having, at the interest wavelength ( = 525 nm), a refractive 
index of 1.77, 1.45 RIU, respectively [18].  
Oxide thickness has been moved in the range 25 : 250 nm with a step size of 5 
nm.  
NP radius has been first moved in the range 15 : 30 nm to identify the detection 
limit. 
An overlapping of resulting contrast curves is plotted in Fig. 14. 
 
Figure 14. Contrast curves VS oxide thickness for different NP radii. 
 
Assuming a noise level of 1%, the detection limit of this configuration, expressed 
in terms of minimum NP radius detectable, is slightly larger than 20 nm. 
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In order to evaluate a potential improvement in terms of resolution and detection 
limit, a similar study has been conducted by employing a SIL. In this scenario, the 
effective NA (NAeff) is equal to nSIL* NAobj. (Eqn. 19) assuming the objective 
space has the same refractive index of the SIL. As the spatial resolution and the 
collection efficiency of the microscope is proportional to (1/NAeff) and NAeff
2
, it is 
expected that the performance of the microscope can be improved significantly. 
The investigated configuration is the one depicted in Fig. 15. 
 
 
Figure 15. Schematic of the back-side NP detection configuration. 
 
In Fig. 16, different contrast curves for different NPs radius have been overlapped 
always for a sapphire/silicon oxide substrate.  
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Figure 16. Contrast curves calculated for a sapphire/SiO2 substrate 
 
The optimum oxide thickness value, i.e. the one that gives the maximum contrast 
value, results to be close to 95 nm despite the fact that the exact thickness slightly 
varies around 95 nm for NPs with different sizes. That means that an optimized 
thickness could be suited to identify a specific NP size. 
At this fixed oxide thickness value, the contrast curve has been calculated as 
function of NP radius ranging from 20 to 50 nm with a step size of 2 nm as 
depicted in Fig. 17. 
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Figure 17. For a fixed oxide thickness, the contrast value is plotted versus the 
radius of the investigated nanoparticle. 
 
With a level noise close to 1%, the detection limit expressed as NP radius is about 
15 nm, as from Fig. 16. 
When NP to be detected is immersed in air, a slightly different contrast I is 
obtained (Fig. 18).  
 
 
Figure 18. Contrast curves calculated for a sapphire/SiO2 substrate for an NP in 
air. 
 
Considering water as NPs background medium is anyway the realistic scenario to 
be investigated since it emulates a real-time NPs detection in a flowing solution. 
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A secondary investigated configuration is the one composed by a quartz/silicon 
nitrite/silicon oxide substrate. Here, the thickness of both Si3N4 and SiO2 has been 
moved to find the optimum point, i.e. the pair of thickness values that maximizes 
the contrast (see Figures 19 and 20). 
 
 
Figure 19. Contrast surface for a fixed NP radius (= 25 nm). 
 
 
CONTRAST 
 
Figure 20. Color map expressing contrast as function of Si3N4 and SiO2 thickness. 
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A contrast roughly equal to 15% has been obtained for the pair (hSi3N4, hSiO2) = (4 
nm, 128 nm) for an NP radius of 25 nm. This is much higher than the 
correspondent contrast obtained with sapphire/silicon oxide simulated substrate 
(roughly equal to 2%) as discussed earlier. 
In terms of practical point of view, the thickness of the silicon nitride causes 
problems in terms of controllability and repeatability during the fabrication of the 
chip. Therefore we also investigated a more practical configuration which 
provides benefit of reduced number of fabrication steps.  
Silicon Nitrite and silicon oxide have been substituted by silicon oxi-nitrite 
SiOxNy. With a Nitrogen percentage ranging from 0 to 80% and an SiOxNy 
thickness ranging from 50 to 200 nm, different contrast curves have been obtained 
fixing the NP radius: 
 
(A) 
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(B) 
(C) 
Figure 21. Contrast curve for a spherical dielectric NP having radius (A) 25 nm, 
(B) 40 nm, (C) 75 nm. 
 
As from fig. 21 (A), LOD now degrades with respect to the previously 
investigated layered substrates. 
Also fused silica/silicon nitride/silicon oxide based layered substrate has been 
investigated in order to estimate the layers thickness capable to improve the 
imaging setup. A contrast level approximately of 20% can be achieved for a 
dielectric 25 nm radius NP as depicted in Fig. 22. 
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CONTRAST 
 
Figure 22. Color map expressing contrast as function of Si3N4 and SiO2 thickness. 
 
A comparison of different substrate configurations investigated is presented in the 
following table in terms of contrast. Data are associated to a 25 nm radius 
dielectric NP. A SIL has also been employed, while NP background medium has 
been considered to be water. 
 
Table 1. 
SUBSTRATE CONTRAST 
Sapphire/SiO2 2% 
Quartz/Si3N4/ SiO2 15% 
Quartz/SiOxNy 
N =  0% 0.7% 
N = 20% 0.5% 
N = 40 % 0.4% 
N = 60%, 80% 0.4% 
Fused silica/ Si3N4/ SiO2 19% 
 
A high contrast value has been obtained for both the layered substrates 
characterized by the presence of Silicon Nitride. The configuration suiting fused 
silica as top layer gives not only the highest contrast value, but also this value 
corresponds to a silicon oxide and silicon nitride thickness more easy to be 
realized through standard fabrication steps. 
A comparison with experimental results should confirm the validity of the model. 
  
- 184 - 
 
6.9 CONCLUSIONS 
 
According to the microresonant optical cavities issue of nanoparticles shape 
discrimination in a complex solution, a sensor based on interferometric 
reflectance imaging (IRIS) has been here modeled. The main advantage coming 
from the employment of the interferometric microscopy for nanoparticle detection 
has been pointed out as an increasing of three orders of magnitude of the light 
intensity signal read at the photodetector. To maximize the interferometric term 
collected by the detector, a layered substrate has been assumed. 
After describing some mathematical instruments useful to develop the model of 
the setup to be then built and tested, including the angular spectrum representation 
of a far field and some geometrical optics rules, the modeling of the IRIS in 
confocal, sub-surface illumination scheme has been presented. The choice of the 
illumination configuration relies on the capability of the confocal scheme to 
improve the setup spatial resolution and the image contrast in order to investigate 
fast bio-processes occurring at the single nanoparticle limit. By restricting the 
observed volume (light is focused to a point), the confocal scheme indeed 
increases the image contrast because light reflected from points adjacent to the 
studied one does not enter the detector. An additional expedient to increase the 
spatial resolution, lateral and longitudinal, has been hypothesized in the model, 
i.e. the employment of a numerical aperture increasing lens (NAIL). A set of 
layered substrates has been tested in simulation through a Matlab script modeling 
the confocal-subsurface illumination setup in order to individuate the substrate 
conferring the highest contrast to the final image in terms of both material and 
thickness of every single layer. 
The model has been developed to be employed in a more complex project leaded 
by Prof. M. Selim Ünlü and Prof. Bennett Goldberg with the final aim of realizing 
a microscopy setup useful to collect data coming from the imaging of a vesicular 
stomatitis virus (VSV) in solution flowing through an opportunely designed 
microfluidic platform.  
Experimental data should be available by May 2013. 
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Chapter 7. 
CONCLUSION 
 
 
 
 
 
The research activity reported in the present dissertation has been focused on the 
modeling of two platforms belonging to different branches of optics science to be 
employed in the sensing field. Properly the investigation field is the one related to 
the detection of tiny particles, such as nanoparticles composing the particulate 
matter or virulent agents, with the aim of monitoring human and environment 
health status.  
The approach followed in the modeling operation of both the platforms relied on 
the study of the interaction of an electromagnetic wave with a small particle in the 
hypothesis of dealing with a Rayleigh scatterer, as described in the previous 
Chapters. 
The first designed configuration relies on the employment of a high quality factor 
microresonator for NP detection purposes (see Chapter 5). Nanoparticles as small 
as 30 nm in radius have been detected in a simulative environment through the 
employment of an FDTD algorithm based commercial software with an 
estimation error of the order of 2% with respect to the NP nominal radius. If 
compared to other cavities proposed in literature [1], [2] which employ 
whispering gallery mode based resonant structures, the novelty of the designed 
device resides in its geometry, small footprint and planar configuration that make 
it a good candidate for the realization of a compact, portable and reliable on-chip 
platform.  
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LOD (NP radius) CONFIGURATION REFERENCE 
140 nm microsphere Arnold et al. [1] 
12,5 nm microtoroid Lu et al. [2] 
30 nm hybrid Present work 
 
The geometrical structure of the designed cavity is the one of an annulus coupled 
to two distinct bus waveguides in a four ports planar coupling configuration. The 
latter is, indeed, the most promising coupling configuration for the practical 
packaging of systems containing WGM resonators and could lead to the 
realization of a portable on-chip complex platform such as a micro-Total Analysis 
System (μTAS) or lab-on-chip.  
Also, the choice of a cavity footprint on chip as small as 10 μm2 could be an 
interesting starting point for the development of an implantable or portable bio-
assay platform allowing for the refractometric detection of the concentration of 
the interest analyte in a complex solution.  
A possible on chip configuration for a high throughput and multianalyte detection 
relies on the employment of an array of resonant cavities interacting with a single 
nano-fluidic channel. The surface of every resonator should be obviously 
chemically activated and functionalized by depositing a layer of receptors having 
a high binding affinity with the analyta. 
 
Due to the open issues of discriminating tiny particles shape in a complex solution 
and getting a high throughput platform, the second investigated configuration for 
single NP detection relied on the employment of a microscopy setup which is 
intrinsically capable of overcoming these issues. 
The starting point for this study has been the IRIS (Interferometric Reflectance 
Imaging Sensor) platform developed at the Boston University by the Ünlü group 
[3]. 
An improvement of the yet existing configuration has been investigated in the 
present study in order to realize a real time, sub-surface detection of single 
molecules and NPs. A setup based on confocal illumination aided by the 
employment of a numerical aperture increasing lens (NAIL) has been modeled to 
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confer an ultra-high resolution to the microscopy system. In order to increase the 
contrast, a multilayer substrate has been assumed so that the light intensity 
collected at the photo-detector is maximized. 
A set of layered substrates has been tested in simulation through a Matlab script 
modeling the confocal-subsurface illumination setup in order to individuate the 
substrate conferring the highest contrast to the final image in terms of both 
material and thickness of every single layer. 
A contrast level approximately of 20% has been achieved for a dielectric 25 nm 
radius NP with a fused silica/silicon nitride/silicon oxide substrate in aqueous 
environment. 
 
A comparison of the investigated detection techniques and platforms is proposed 
in the following table. 
 
 
WGM – BASED 
DETECTION 
MICROSCOPY-
BASED 
DETECTION 
LOW LOD     
SIZE DISCIMINATION 
(SORTING) 
    
SHAPE RECOGNITION 
 
  
SELECTIVITY     
HIGH THROUGHPUT     
PORTABILITY   
 
IN VIVO DIAGNOSIS 
 
  
 
They both allows for nanoparticles size discrimination with a LOD down to few 
tens of nanometers. Their selectivity can be assured with an opportune substrate 
surface activation and functionalization. The achievement of a high throughput is 
a property intrinsically showed by microscopy-based detection techniques, while 
an opportune design of microfluidic aiding channels composing the WGMs based 
platform need to be planned in order to assure high throughput. 
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Despite the above mentioned features characterizing both the NPs detection 
techniques, the microscopy-based technique allows for NPs shape recognition and 
in vivo diagnosis, while the peculiarity of portability (associated to all 
miniaturized devices) is the advantage coming from the employment of a WGMs 
based platform for nanoparticles detection. 
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APPENDIX 1: RING 
RESONATORS THEORY 
 
 
 
To analytically investigate the properties of a ring resonator, the standard 
configuration of a single mode optical cavity laterally coupled to a single bus 
waveguide is here considered, as depicted in Fig. 1. 
 
 
Figure 1. Ring resonator coupled to a single bus waveguide. 
 
The terms Ei, Erb, Et, Era are the complex amplitudes of the mode propagating 
within the cavity. They are normalized such that their squared magnitude 
corresponds to the modal power, i.e. Px = |Ex|
2 
with x = generic evaluation point.  
The value of the conjugate complex coupling coefficients κ and κ* and of the 
transmission coefficients τ and τ*, depends on the nature of the coupling. The 
terms κ and τ are also named cross-coupling and self-coupling coefficient, 
respectively.  
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The spectral response at the through output port will be derived and the most 
frequently used resonator figures of merit will be defined in the following. 
We assume that a single mode having a specific polarization state is supported 
within the ring cavity and that the back-reflection at the coupling section is 
negligible. The device is assumed to be symmetric with respect to the plane z = 0. 
The interaction between the electric fields with amplitude Ei, Erb, Et, Era can be 
described through the following matrix relation: 
 
* *
t i
ra rb
E Ek
E Ek


    
        
 (1) 
 
Assuming a lossless coupling, the relation to be verified is |  |  |  | = 1 in order 
to assure that the determinant of the transfer matrix modelling the coupler is 
unitary. It means that the coupling coefficients κ and κ* coincide and |  |  |  
 
|. 
The single mode supported by the cavity has a complex propagation constant 
        , where   is the phase constant (real) and   is the attenuation 
coefficient (positive and real) accounting for the total losses within the cavity. 
A single round trip along the circumference,       (where R is the ring 
radius), leads to 
 
i L i
rb ra raE e E ae E
    (2) 
 
where        and          are the attenuation and phase shift the mode is 
subjected to, respectively. 
By employing Eqn. (1), the following expressions are obtained : 
 
*
i
t i
a e
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a e




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
 

 
 (3) 
*
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a e  


 
 (4) 
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From the above equations the transmitted power, also indicated as resonator 
transmission spectrum T = |Et|
2
/|Ei|
2
, can be expressed as 
 
22
2
22
2 cos( )
1 2 cos( )
t
t t
t
a a
P T E
a a
   
   
  
  
  
 (5) 
 
where   | |    , with | | representing the amplitude of the complex self-
coupling coefficient and    is the coupler phase.  
The light pulse propagating through the bus waveguide couples to the ring, i.e. 
resonates, only when the wavelength of the exciting optical signal equals the 
optical length of the cavity, i.e. when: 
 
 
effLn
m
 (6) 
 
where m is an integer number denoting the mode order, L is the geometrical cavity 
length and neff is the mode effective index. The phase term has been here 
neglected.  
Equivalently in vacuum: 
 
2 t
m
m
L
 


  (7) 
 
At resonance, i.e. when the cosine term is unitary, the transmitted power reaches 
its minimum value that is : 
 
 
 
2
min 2
| |
1 | |
a
T
a





 (8) 
 
Equation (8) goes to zero if the internal loss a equals the outer loss |η| (considered 
as uncoupled portion of light). This condition is known in literature as critical 
coupling and it is visible in the resonator transmission spectrum as a dip to zero.  
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Figure 2. Ring resonator transmission spectrum. 
 
Due to the periodic nature of resonances, it is possible to define a figure of merit 
called Free Spectral Range FSR useful to define the distance between adjacent 
resonances: 
 
1
2 ( 1) t
m m
m
L
  
  


  
   

 (9) 
 
where Δ  is the difference between the vacuum wavelengths corresponding to the 
two resonant conditions m and m+1. 
It results that the difference in propagation constant for two adjacent resonant 
modes is given by: 
 
1
2
m m
L
 
   



     

 (10) 
 
from which 
 
    
  
 
  
  
 (11) 
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  can also be expressed as          
      
 
, where    is the vacuum 
wavenumber,        
 
  
 (k0) is the waveguide effective index and   the vacuum 
wavelength. Therefore: 
 
 
  
  
  
     
  
 
 
 
 (12) 
 
By taking into account the dependence of      and   on the wavelength (which is 
called dispersion) and assuming a first order approximation for   dispersion, i.e. 
        
  
  
      , Eqn. (12) becomes: 
 
 
  
  
  
 
 
   (13) 
 
where it has been introduced the effective group index           
     
  
 
which accounts for the dispersion. 
From Equations (11) and (13), the FSR expression in terms of wavelength units 
has been derived: 
 
    
  
   
 (14) 
 
In Fig. 3 the FSR is indicated by a double arrow and another figure is introduced, 
i.e. the Full Width at Half Maximum (FWHM).  
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Figure 3. Free spectral range and full width at half maximum in the spectrum of a 
ring resonator. 
 
The FWHM is defined as the 3dB bandwidth of the resonance line-width, δλ. To 
derive its expression we consider Equations (5) and (8) and find the detuning 
where 
 
             
           
 
 (15) 
 
Without considering the phase contribution,   , assuming a  1 and using the real 
part of the series expansion of the Euler formula,           
  
 
, for small θ 
the following expression is obtained: 
 
        
  | |    
√    | | 
 (16) 
 
And: 
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     | |    
√    | | 
 (17) 
 
From a physical point of view, the FWHM accounts for the 50% attenuation of 
the optical signal propagating through the resonator.  
Both the FSR and the FWHM are useful to evaluate the Finesse F of a resonator 
whose value is equal to the ratio of the free spectral range to the full width at half 
maximum:  
 
   
   
    
 
  
  
  
 √    | | 
     | |    
  
 
(18) 
 
From a physical point of view, the finesse represents 2π times the number of 
round-trips made by the light in the ring. 
For biosensing applications, this value should be higher than 5. 
Another figure of merit widely employed to evaluate the performance of a 
resonant structure is the quality factor defined as: 
 
   
 
  
  
   
 
  (19) 
 
For high Q values, this definition is equivalent to the one associated to the device 
energy storage, i.e. the Q factor is 2π times the ratio of the stored energy over the 
energy dissipated per oscillation cycle or, equivalently, the number of oscillation 
periods required for the stored energy to decay to 1/e (≈ 37%) of its initial value. 
A Q-factor of the order of 10
4
 is suggested for biosensing applications in order to 
ensure the achievement of a certain sensitivity and detection limit by the device. 
Additionally, it is possible to define the figure of the extinction ratio that at the 
trough port reads as: 
 
    
     
     
 (20) 
 
Its value, expressed in dB, should be higher than 15 for biosensing applications. 
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APPENDIX 2: MICROSCOPY 
THEORY 
 
 
 
According to the Collins Dictionary, a microscope is “an optical instrument that 
uses a lens or combination of lenses to produce a magnified image of a small, 
close object”.  
A primary microscopes classification relies on evaluating the method of 
interaction they use to measure an object, that could be the one of photons with an 
object as in optical microscopes. 
Here we introduce the nomenclature employed in Chapter 6 starting with 
microscopes and focusing then on confocal microscopy. 
As above defined, a conventional optical microscope is a lens or combination of 
lenses useful to correlate an object to its magnified image.  
Both the object and its image are measured and described in terms of an object 
space and image space since they are three-dimensional. The focus f of a 
conventional optical microscope is the volume in the object space that the 
microscope clearly images. 
In a conventional optical microscope, the first lens that light encounters after 
illuminating the object is referred to as the objective or primary lens.  
Lens could introduce several defects during the imaging process, such as 
aberrations of different nature.  
Aberrations can be classified as spherical and chromatic. When peripheral rays 
and axial rays have different focal points (i.e. in a spherical shaped lens), the 
spherical aberration occurs and it causes the image to appear hazy or blurred and 
slightly out of focus. This aspect is very important in terms of the resolution of the 
lens because it affects the coincident imaging of points along the optical axis and 
degrades the performance of the lens. Chromatic aberration could instead be axial 
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or lateral. In axial aberration the blue light is refracted to the greatest extent 
followed by the green and red light. This phenomenon is commonly referred to as 
dispersion. 
Lateral aberration instead relies on a chromatic difference of magnification: the 
blue image of a detail is slightly larger than the green image or the red image in 
white light, thus causing color ringing of specimen details at the outer regions of 
the field of view. If a converging lens is combined with a weaker diverging lens, it 
is possible to cancel the chromatic aberrations for certain wavelengths. 
An additional defect referred to as astigmatism could occur when employing a 
lens. In this case, the off-axis image of a specimen point appears as a disc or 
blurred lines instead of a point. 
Depending on the angle of the off-axis rays entering the lens, the line image may 
be oriented either tangentially or radially. 
Even though it is possible to correct for spherical aberration, the light beams 
emitted from the object points off the axis may not converge on one point in the 
image field, leaving an asymmetric blur with a trail like a comet. This aberration 
is known as coma aberration. 
If an aplanatic lens is employed, spherical aberration and coma could be 
corrected. Properly, spherical aberration produces a concentric defocus around all 
the bright elements in all parts of an image, and a blurring in extended and low 
contrast detail, preventing any part from coming into sharp focus. The aberration 
is uniform across the entire image area.  
Despite spherical aberration which is related to an error in focusing light, coma is 
associated to an error of magnification. It indeed produces elongated, wedge 
shaped "tails" that extend radially from point images or luminance edges in off 
axis light and the magnification varies with distance from propagating axis.  
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(A) 
 
(B) 
Figure 1. (A) Spherical aberration. (B) Coma. 
 
In order to describe the above mentioned lens defects, an important microscope 
descriptor has been referred to, i.e. the magnification M or magnifying power of a 
microscope system. It is defined as the degree of enlargement of an image relative 
to the actual size of the object it represents. For example, a microscope that 
creates an image that is ten times as large as an object has a magnification of 10x. 
An additional descriptor is the light-gathering power of an optical microscope 
which corresponds to the angular range and total amount of light coming from an 
object, that an optical microscope admits. A relative aperture commonly 
employed to measure the light-gathering power of a microscope is the numerical 
aperture NA, defined as n·sinθ where n is the refractive index of the object space 
and θ is angular semi-aperture (in the object space) which corresponds to the 
maximum angle that a microscope admits. 
The objective NA defines also the image quality in terms of resolution which is 
one of the two components of image quality besides the contrast. 
Resolution is dependent on the point-spread function (PSF) through the definition 
of the resel, i.e. the resolution element transverse to the optic axis.  
The PSF is the intensity pattern illuminated or observed by a lens at its focal 
plane. It has the mathematical form of the Airy function for a circular aperture 
(see Fig. 2). 
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Figure 2. PSF  
 
Properly the resel is defined as the resolution element due to a lens of NA = n·sinθ 
and coincides with the radius of the first dark fringe in the diffraction pattern, or 
half the diameter of the Airy disk as depicted in Fig. 3. 
 
 
Figure 3. Resel definition. 
 
Resolution is then defined as  
 
0.61
R
NA

      (1) 
 
Where 0.61 is a geometrical term and λ is the illumination wavelength. 
The PSF is a measure of resolution because two self-luminous points viewed by a 
microscope appear to be separate only if they are far enough, i.e. their PSFs are 
distinct [1].  
resel 
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In confocal microscopy, where a pinhole is placed before the detector to restrict 
the collected light, the axial resolution is increased since the pinhole itself 
spatially filters the fields in the image plane before they are sent to the detector. In 
this way, only the center part of the point-spread function reaches the detector [2]. 
 
 
 
 
References: 
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